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Abstract

The present PhD thesis deals with transformer inrush current in offshore
grids including offshore wind farms and High Voltage Direct Current (HVDC)
transmission systems. The inrush phenomenon during transformers energiza-
tion or recovery after the fault clearance is one of important concerns in off-
shore systems which can threaten the security and reliability of the HVDC
grid operation as well as the wind farms function. Hence, the behaviour of
wind turbines, Voltage Source Converters (VSC) and transformer under the
normal operation and the inrush transient mode is analyzed.

For inrush current reduction in the procedure of the offshore wind farms
start-up and integration into the onshore AC grid, a technique based on Volt-
age Ramping Strategy (VRS) is proposed and its performance is compared
with the operation of system without consideration of this approach. The
new methodology which is simple, cost-effective ensures minimization of
transformer inrush current in the offshore systems and the enhancement
of power quality and the reliability of grid under the transformer energizing
condition. The mentioned method can develop much lower inrush currents
according to the slower voltage ramp slopes.

Concerning the recovery inrush current, the operation of the offshore grid es-
pecially transformers is analyzed under the fault and the system restoration
modes. The recovery inrush transient of transformers can cause tripping the
HVDC and wind farms converters as well as disturbing the HVDC power
transmission. A voltage control design based on VRS is proposed in HVDC
converter to recover all the transformers in offshore grid with lower inrush
currents. The control system proposed can assure the correct performance
of the converters in HVDC system and in wind farm and also the robust
stability of the offshore grid.



vi



Resumen

Esta tesis doctoral estudia las corrientes de energizacion de transformadores
de parques edlicos marinos con aerogeneradores con convertidores en fuente
de tensién (VSC) de plena potencia conectados a través de una conexién
de Alta Tensién en Corriente Continua (HVDC). Las corrientes de ener-
gizacién pueden disminuir la fiabilidad de la transmision eléctrica debido a
disparos intempestivos de las protecciones durante la puesta en marcha o
recuperacion de una falta.

Para la mitigacién de las corrientes de energizacion durante la puesta en
marcha del parque esta tesis propone una nueva estrategia basada en incre-
mentar la tensién aplicada por el convertidor del parque edlico en forma de
rampa (VRS). Este método persigue energizar el parque edlico con el menor
coste y maxima fiabilidad. La tesis analiza diferentes escenarios y diferentes
rampas.

Otro momento en que las corrientes de energizacién pueden dar lugar a un
disparo intempestivo de las protecciones es durante la recuperaciéon de una
falta en la red de alterna del parque edlico marino. Esta tesis extiende la
estrategia VRS, utilizada durante la puesta en marcha del convertidor del
parque, para los escenarios de recuperacion de una falta.
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Chapter 1

Introduction

1.1 Context

Over the past decades, the most prevalent energy sources applied for elec-
tricity generation were fossil fuels, falling or flowing water and nuclear fis-
sion. The main disadvantages of using sources such as fossil fuels and nuclear
fission are harmful environmental effects, limitation of fossil sources, the nu-
clear risk issue and some countries dependency on other countries for these
important sources [4, 5]. Due to the increasing concerns for these difficul-
ties, renewable energy resources are used for satisfying rising need for elec-
tricity. Nowadays, these electrical sources play a key role in the electricity
industry.

In recent years, energy policies have been built up for Europe Union which
its use would allow for the possibility of improving the EUs energy effi-
ciency by 20%, decreasing C'Oy and greenhouse gas emissions by 20% and
increasing 20 percent of renewable energy sources in EU energy mix [6]. In
fact, these targets would lead to increment of energy security, reduction of
climate change, environmental pollution mitigation, renewable energy mar-
ket development and economic benefits.

One of the most important non-polluting and sustainable electricity gen-
eration technologies from renewable energy sources is power plants based
on wind. These plants can be located in the situations of onshore or off-
shore. Due to the lack of proper onshore wind sites, the expansion in wind
power further has been proceeded towards offshore wind power plants during
last few years.

The offshore wind farms offer significant advantages in comparison with
the onshore concepts, such as having stronger and steadier wind speeds in
the marine plants, lower installation limitations, higher service life and their
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compatibility with environment [7]. However, these systems are more expen-
sive than onshore technologies [8].

Focusing on wind turbine of offshore wind farms, two distinguished tech-
nologies are being mounted which include: Doubly Fed Induction Generator
(DFIG) and Permanent Magnet Synchronous Generator (PMSG). Nowa-
days, for maintenance costs reduction of the offshore wind turbines, the ten-
dency of wind turbine manufacturers is rather to install PMSG. Although
the PMSG type has many constructive options, the direct-driven PMSG
with full rated power converter is the most interesting concept presented for
offshore wind turbines [4]. The important advantage of this configuration is
that the generator is entirely decoupled from the AC power system through
full power converters. This feature contrasts with the DFIG in which the
stator is directly linked to the AC network. Therefore, this leads in turn to a
lower sensitivity of the generator against grid fluctuations. In addition, this
topology can operate under different modes of AC power system, due to its
implementation with modern approaches.

Moving on offshore wind systems, there are engineering challenges related to
the transfer of power produced by offshore wind farms into the mainland Al-
ternating Current (AC) power systems. Various transmission systems have
been proposed to solve these challenges which High Voltage Alternating
Current (HVAC) is one of the possible solutions. In terms of economic is-
sues, this technology is not cost-effective for long transmission distances over
100 km from the shore [9]. The reason of this fact is that the power trans-
mission using HVAC technology can cause a considerable reactive power in
the conductors as well as high power losses which makes the requirement for
the compensation devices installation possible [9, 10, 11]. Therefore, High
Voltage Direct Current (HVDC) transmission systems have been attracting
much attention for integration of the large-scale wind farms far away from
the shore into the AC power network [12]. These HVDC technologies actually
allow to transmit higher electrical power over longer distances, interconnect
the asynchronous systems and transfer the submarine and underground ca-
bles [4, 13]. However, these systems have drawbacks compared to AC systems
including higher investment costs, and higher losses in short distances [14].

Initially, Line Commutated Converter (LCC) based on HVDC was the most
prevalent technology to achieve the abovementioned aim [15]. However, with
the development of power electronic devices and the emersion of modern
power converters, the HVDC technology based on Voltage Sourced Con-
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verters (VSC-HVDC) became a convenient option for transferring offshore
wind power into the onshore power grids. In the offshore applications, the
VSC converters have a better performance than the LCC converters thanks
to their numerous features, such as compact filters, independent active and
reactive power regulation, steady control of AC voltage, no commutation
failure and black-start ability [15]. However, the main disadvantage of this
technology is high losses of converter due to switching [11].

The first topology applied for offshore DC transmission networks is point-to-
point HVDC links. These offshore HVDC grids are used for direct connection
of an offshore converter station into a main AC power grid. A Multi-Terminal
HVDC (MTDC) system is a newfound solution which several large offshore
wind farms can be interfaced into various onshore AC networks. Howev-
er, these meshed DC grids contain technical challenges related to control [16]
and protection [15] issues.

To adapt the voltage of the offshore converter station and the voltage of
the offshore wind farm platform, a power transformer is applied. During the
start-up procedure of the offshore wind farm and the voltage recovery pro-
cess of the offshore grid, the power transformer will experience a high inrush
current due to the sudden enhancement of AC voltage across the transformer
winding [17, 18]. The manifestation of this transient current has adverse ef-
fects on the offshore power network, such as tripping of VSC and disturbance
in HVDC system operation. Hence, the reduction of these inrush currents
has grown in importance. Over the previous decades, various techniques have
been suggested in order to decrease the current to the minimum possible lev-
el. Nevertheless, as far as the author of the thesis knows, there is a research
for the reduction of the transformer inrush current in HVDC systems that
can be found in literature [19]. Therefore, there is still much research to be
done in this topic. Hence, this thesis will propose a new Voltage Ramping
Strategy (VRS) for inrush current diminution in offshore grids, based on
the gradual increase of the voltage employed in the transformers primary
winding.

The main goal of this thesis is to ensure the correct behavior of the HVDC
converter in the cases of energization and restoration of the offshore grids
transformers, taking into account the proposed technique in the HVDC con-
verter. In this direction, the studies developed can be classified in the two
categories below:

e Operation and control of offshore HVDC converters for reduction of
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1.2

transformers energization inrush current.

Operation and control of HVDC converter for recovery inrush current
decrement of the offshore transformers.

objectives and scope

Explain the main components applied to the offshore grids,
their topology and integration. A detailed description of wind
turbine types is presented. Also, the offshore collection grid structures
and different converter topologies are analyzed. In addition, the HVDC
transmission system for interconnection between offshore wind power
plants and onshore AC grid is discussed. This study reveals the trend
towards the utilization of variable-speed wind turbines equipped with
a full power converter and two-level VSC based HVDC transmission
systems.

Present a dynamic model and different control schemes for a
VSC, ensuring the optimal performance of the converter and
the stability of the HVDC transmission grid. The goal of this lit-
erature is to represent an average model for converter in order to study
the dynamic response of converter at low frequencies. Representations
of AC grid filters and DC link of power converter are also presented to
design various control systems for the VSC converter. The controllers
considered are based on the vector control strategy and ensure bet-
ter performance of the converter under different operating modes. In
addition, this work analyzes the Phase Locked Loop (PLL), current
loop and the AC and DC voltage loop dynamics for the control system
design.

Study a simplified model and a control system for variable
speed wind turbine equipped with full power converter to
investigate its behaviour in case of transformer inrush tran-
sient. To reflect the dynamic behavior of wind turbines under differ-
ent wind speeds, a simplified model is presented. This simplification
compounds all the models related to the turbine, the drive train, the
generator and the machine side converter. Also, the DC bus and the
controllers of the mentioned wind turbine are modeled. The DC bus
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voltage regulation assuring the stability of the system is supported by
the converter at the offshore wind turbine grid side.

Analyze the transformer inrush current phenomenon in the
HVDC systems (disadvantages, effective parameters, etc.), in-
vestigate various solutions for inrush transient decrement and
design a model for transformer considering the non-linear
characteristics of the magnetic core. Inrush transient of the trans-
former is caused by a sudden variation of the transformer voltage
during energization and restoration conditions. This transient phe-
nomenon can result in the tripping of the HVDC converter due to the
current saturation and, consequently, disturbing of the HVDC system
operation. Over the last decades, several methodologies based on the
insertion of a resistor, controlled switching and variation of residual
flux were employed to limit this high inrush current. The application
of the mentioned technologies to the HVDC systems is not convenient
due to costly, high losses, low reliability and requirement of knowledge
of the core residual flux. Furthermore, to analyze the inrush current of
the transformer, a T-equivalent circuit model is designed. The trans-
former behavior in case of core saturation can be approximated by
means of this dynamic model. Also, this model is validated using sim-
ulation for worst-case scenario of the inrush currents.

Design a new strategy to reduce inrush current of HVDC
transformer during the start-up and integration of the off-
shore wind farm into the onshore AC system. The design of
the proposed reduction method is based on the ramping of the voltage
in the high voltage terminal of HVDC transformer. The implementa-
tion of the mentioned approach is carried out in the control system
of the offshore converter. The procedure of the offshore wind farm
start-up and integration is analyzed, based on this process, the off-
shore converter can also provide a smooth start-up for offshore wind
farm. Moreover, this reduction design can be confirmed by a compari-
son between the performance of the system with considered technique
and its performance without this approach.

Design a voltage ramping strategy-based control system for
recovery inrush current diminution of offshore transformers.
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The emersion of transformers recovery inrush currents in offshore grids
can influence the operation of available converters. To minimize these
transient currents during grid recovery, a voltage control scheme is
designed based on Voltage Ramping Strategy (VRS). The proposed
control strategy needs a process to reflect the voltage drops due to the
fault occurred, as well as to create the considered ramp for the system
voltage restoration. Furthermore, the proposed scheme is compared
to the control system without this new strategy in order to show the
achievement of lower inrush currents in the offshore grids.

1.3 Thesis outline

This PhD represents a novel technique for transformer inrush current re-
duction during start-up and integration of an offshore wind farm into the
onshore AC grid and during the recovery of offshore grid after fault clear-
ance. Further information of each of the chapters of this thesis is included
below:

e Chapter 2 explains the structure of the offshore grid in wind power
plants. All sectors of the grid including the wind turbine, collection
grid, transformer, converter and HVDC system are discussed in detail.

e Chapter 3 presents an average model for converter as well as models
for AC grid coupling filter including inductive and inductive-capacitive,
and for DC grid with back-to-back, point-to-point and multi-terminal
configurations. Moreover, different control schemes for power convert-
er are elaborated.

e Chapter 4 describes a simplified model and a control design for a full
power converter wind turbine in offshore grid. Finally, a simulation is
carried out to validate the referred representation.

e Chapter 5 deals with the transient inrush current of transformers in
HVDC systems as well as some technologies for restriction of this high
current. Furthermore, a dynamic model is presented to analyze trans-
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formers behavior in the case of core saturation.

e Chapter 6 explains a voltage ramping strategy for decrement of the
HVDC transformer inrush current during process of the start-up and
integration of an offshore wind farm into the main AC system.

e Chapter 7 presents a control system developed to diminish the recov-
ery inrush current of the entire transformers available in the offshore
grid, considering a framework for the voltage restoration.

e Chapter 8 draws the results and Conclusions of this thesis.






Chapter 2

Offshore grid structure for wind
power plants

Explanation of offshore grid structure for a better analysis of the model and
control of components applied to the grid is the objective of this chapter.

2.1 Introduction

Offshore wind power plants are one of the fastest-growing renewable energy
generation plants in the last few years [20]. This is due to the fact that these
offshore technologies offer better characteristics compared to the onshore
wind farms [7]. On the other hand, there are stronger and steadier wind
resources in offshore wind power plants which in turn lead to generate more
power. Furthermore, this technology makes the installation of larger wind
turbines possible due to that the limitations of the wind turbine installation
are fewer [4, 7].
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Figure 2.1: Topology of an offshore grid.
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The structure of an offshore grid for a wind power plant, composed of Wind
Turbines (WTs), an offshore collection grid, a power transformer, power
converters, as well as a HVDC power transmission system for connection of
offshore wind farm into onshore AC grid is described to better understand
the roles of each of these components. Figure 2.1 depicts the topology of the
offshore grid. In fact, this picture summarizes the offshore grids fundamen-
tal components whose modeling and control system will be studied in this
thesis. First, the wind turbine components and technologies with variable-
speed wind turbines (D) are briefly summarized. Second, the possible layouts
of offshore collection grid ) are presented. Here, an AC collection grid is
presented for collecting the power generated by the wind turbines. Third, the
focus is on transformer (@) which provides the voltage adaptation between
the converter of the HVDC system and the collection grid. Fourth, a brief
overview of Line Commutated Converter and Voltage Source Converter )
is provided. In this section, the advantages of VSC over LCC are highlight-
ed. The last section discusses two different types of HVDC transmission sys-
tem () for connection of offshore wind farms to the AC power networks. It
should be mentioned that this chapter has adopted the HVDC connection
for offshore grid.

2.2 Wind turbine

All wind turbines operate in the way to extract the kinetic energy avail-
able in the wind and then, convert this energy into the electric power. In
the past two decades, the development of the wind power capacity had an
increasing trend. For example, a wind turbine had a power capacity of 300
kW in the 1980 7s. A decade later, the wind turbine capacity had increased
to 1500 kW. Nowadays, the biggest wind turbines for offshore wind farms
can be built with an electric power capacity of more than 8 MW [4]. In the
future, the wind turbine power capacity for offshore applications is expected
to reach 20 MW [21]. The main parts of a wind turbine and its different
topologies are studied in this section.

2.2.1 Wind turbine components

Nowadays, the majority of the modern large wind turbines mounted world-
wide include the horizontal-axis turbines with three blade rotors. This sec-
tion focuses on the details regarding the important elements inside wind tur-
bine. Figure 2.2 demonstrates a typical design of this horizontal-axis wind
turbine [4].
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Figure 2.2: The basic elements of a horizontal-axis wind turbine.
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The wind turbine system consists of a rotor which is usually incorporat-
ed into the hub, the blades and the mechanical shaft. The reason why the
blades are mounted on the rotor hub through mechanical joints is to extract
the wind energy. Using this shaft, the incoming power is transmitted into
the generator. Moreover, a pitch mechanism which varies the angle of blades
is located in the rotor hub and allows for the power captured from wind to
be restricted. Thus, this action results in keeping the generator below its
power margin. Furthermore, for the limitation of the generator speed during
its function, mechanical brakes which are safety mechanisms are embed-
ded [4]. A gearbox is commonly implemented in the wind turbines in order
to adapt the radial rotating speed of the rotor hub to the high rotating speed
of the machine rotor. This gearbox can be eliminated in some wind turbines
depending on the generator type. In fact, when the generator can adjust the
rotor speed to its electrical speed, the machine is connected to the turbine
without the gearbox [4].

The wind turbine generators which are linked directly to the output shaft
of the gearbox are employed to transform the mechanical energy into elec-
trical energy. There are various types of these machines, including induction
or synchronous generators. In addition, the power converters are designed
in wind turbines to attain maximum efficiency and reliability. Thus, these
converters can be interfaced with the stator or rotor terminals of generators
dependent on the topology of turbine and the type of generator applied. Typ-
ically, the wind turbines contain a step-up transformer to match voltage level
for interconnections [4].

In terms of distribution of components inside the wind turbine, the genera-
tor and gearbox are installed within the nacelle, whereas the other elements
of the wind turbine such as the converter or the transformer can be housed
either inside the tower or the nacelle [4].

Both the offshore and onshore wind turbines include the parts referred
above, however their support layout is different. On the other hand, the
offshore structure providing the support system of the wind turbine is based
on a structure joined to the sea bed or relying on buoyancy or ballast meth-
ods, whilst onshore structures are mounted on a conventional concrete base-
ment [4].

2.2.2 Wind turbine classification

The most significant wind turbine types are categorized in this chapter as
fixed-speed wind turbine, limited-speed wind turbine, variable-speed with
partial-scale converter and variable-speed with full-scale converter [4]. A

12
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brief description of each of these wind turbine technologies is presented here
and the variable-speed wind turbine with full-scale converter has been se-
lected to investigate the offshore grid for this thesis.

2.2.2.1 Fixed-speed wind turbine

Fixed-speed wind turbine was the most convenient type of these machines
during 80s and 90s [4]. In this type of wind turbines, a three-bladed rotor is
generally connected to a Squirrel Cage Induction Generator (SCIG) through
a multiple-stage gearbox, as illustrated in Figure 2.3.

W",]d Gearbox SCIG Soft starter Transformer
—{1 O~ EO=|
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! \

ie Reactive
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Figure 2.3: Fixed-speed wind turbine with SCIG generator.

Furthermore, the stator of the SCIG is directly coupled to the electrical
network through a transformer. The applied SCIG makes the turbine work
at constant speed [22].

During normal operating condition, capacitor banks are generally needed to
establish reactive power support for SCIG, so as to be able to magnetize the
generator. In addition, in order to avoid the inrush current during the ma-
chines start-up and connection to the AC grid, a thyristor-based soft-starter
is employed in these wind turbines [4, 23]. Moreover, the passive or active
stall and pitch systems are used to govern the aerodynamic power [22].
The significant benefits of this wind turbine technology include its robust
structure, the relatively low costs of production and simple control [4]. How-
ever, the drawbacks are suboptimal energy extraction from the wind, requir-
ing reactive power supply for the induction generators, fault ride-through
requirement and high mechanical stress, which lead to the use of the other
topologies [4].
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2.2.2.2 Limited-speed wind turbine

The limited variable-speed wind turbine which typically includes a Wound
Rotor Induction Generator (WRIG) with a variable rotor resistance was
suggested during the 90s [4]. This technology can attain a limited range of
speed variation using a variable resistance connected in series with the rotor
winding of the generator. Thus, the speed can be changed with the variation
of the resistor level [4]. Also, in order to control the reactive power and lim-
it the aerodynamic power in such machine, the capacitor banks and pitch
control are usually implemented [22].

Wind

. Gearbox WRIG Soft starter Transformer
turbine

'
{
 F

I
| Reactive
T | compensation

Figure 2.4: Limited variable-speed wind turbine with WRIG generator.

In general, this concept could remove the lack of variable speed with en-
hancement of the aerodynamic efficiency. However, these wind turbines have
drawbacks similar to those of fixed-speed concept for the large turbines [4]. A
sketch of this type of wind turbines is shown in Figure 2.4.

2.2.2.3 Variable-speed wind turbine with partial-scale converter

This category of wind turbines is used to increase the operational efficiency
of wind turbines. These wind turbines are equipped with a WRIG generator
in which the stator winding is directly linked to the AC network and the
rotor winding is interfaced with the AC system via a partial-scale power
converter. Therefore, the generator of the aforementioned wind turbine is
introduced as a Doubly Fed Induction Generator (DFIG) due to the fact
that both the rotor and the stator have the ability of power injection into
the AC system [24]. Also, the power converter can independently regulate
the real and reactive power in a wide speed range (typically from -40%
to +30% [4]). This action in turn results in optimum wind energy cap-
ture. Hence, the application of this wind turbine type is very effective at
sites in which wind oscillations are highly severe [24].

The partial-scale power converter consists of two back-to-back voltage source
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converters connected through a DC link [24]. The converter at the grid side
can be regulated to support the reactive power and also enhance the wind
turbines fault ride-through capability [4]. Typical configuration of such a
system is shown in Figure 2.5.
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Figure 2.5: Variable-speed wind turbine with DFIG generator.
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Nevertheless, this technology has various disadvantages. For instance, the
presence of slip rings for power capture from the DFIGs rotor can result in
generator operation failures [24, 25]. In addition, the direct connection of
the generators stator into the grid can increase the complexity of managing
an appropriate ride through operation under grid fault condition [24, 25].

2.2.2.4 Variable-speed wind turbine with full-scale converter

This type of wind turbines is capable of maximizing the power extracted from
wind [4]. Thus, the generators of this concept operate at the variable speed
in order to achieve this maximum power. There are different generator types
for implementation in this wind turbine topology such as Permanent Magnet
Synchronous Generator (PMSG), SCIG and Wound Rotor Synchronous

VSC back-to-back
Wind converter

= Ol

Figure 2.6: Variable-speed wind turbine with direct drive PMSG generator.

Grid
filters  Transformer
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Generator (WRSG) [4, 26]. In this thesis, the variable-speed wind turbine
with full power converter which includes a direct drive PMSG generator is
studied. The configuration of this wind turbine type is depicted in Figure
2.6.

The synchronous generator of this wind turbine produces variable volt-
age/frequency due to its changeable operating speed [27]. Hence, this ma-
chine needs to be entirely decoupled from the constant-frequency AC grid.
For this reason, the full power converters are used to link the stator of the
generator with the AC network [27]. The application of these power con-
verters allows for the connection between the rotor of the generators and
the wind turbine to be done without a gearbox [24]. The power transmission
into the grid, DC voltage control and grid voltage/frequency support [24]
can be provided through an appropriate control system at the grid side con-
verter. In addition, this converter enables the combination of ride-through
techniques [4]. The DC link of the power converters is generally equipped
with a DC chopper which allows to bypass excessive currents during the
performance [4]. A pitch control system is usually applied to restrict aero-
dynamic speed during the fault.

2.3 Offshore collection grid layouts

The location of the wind turbines within an offshore wind farm will be
specified according to the speed, direction and the turbulence intensity of
the wind. Therefore, in order to maximize the wind power extraction, the
layout of the offshore collection grid should be optimized considering the
foregoing parameters.

A collection grid of AC offshore wind farms can be constructed based on
three different connection layouts: radial, ring and star [25, 28, 29]. These
designs are explained in detail in this section and the offshore wind farm
grid with radial configuration is studied in this thesis.

2.3.1 Radial

The radial collection system rows the wind turbines inside one feeder in
a string topology. Figure 2.7 depicts the radial collection scheme. In this
configuration, two factors, the nominal power of machines and the capacity
of cables, have an important impact on the determination of the maximum
number of wind turbines that can be installed in one feeder.

Although this collection topology is the cheapest, the most straightforward
and prevalent, it contains difficulties in terms of reliability. On the other
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hand, when a fault takes place in the interface cable between the first wind
turbine and the hub of the feeder, the total power produced by the rest of
the wind turbines in the feeder is wasted [4, 29, 30].

11

1171

Figure 2.7: Scheme of the radial collection configuration.
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2.3.2 Ring

The ring connection grid is achieved by improving the reliability of the radial
configuration. Hence, this design is more expensive than the radial collec-
tion system. The ring collection system can be also classified based on how
the formation of ring. Thus, single-sided, double-sided and multi-ring are
three possible ring schemes. In all ring topologies, extra cables are joined
to provide redundant paths for the power flow in a feeder. Therefore, in a
single-sided ring scheme, the outermost wind turbine within the feeder is
interfaced with the collector hub through an interface cable, whilst in the
double-sided configuration, the redundant cable couples two feeders in par-
allel together [4, 30, 31]. The schematics of two ring designs are shown in
Figures 2.8 and 2.9. The main disadvantage of the double-sided system is
the oversizing of some cables for the bidirectional power flow in the cable
fault mode [4].
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Figure 2.8: Representation of single-sided ring collection configuration.
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Figure 2.9: Representation of double-sided ring collection configuration.
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2.3.3 Star

Using the star topology, the rating of cables joining the wind turbines and
collector point can be attenuated and the reliability of the system can be
improved. Thus, the common connection point is generally positioned in the
middle of all wind turbines situation. Figure 2.10 illustrates the star collec-
tion configuration.
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Figure 2.10: Star collection configuration.

In the case of a cable failure, only one wind turbine will be lost and thus, the
reliability of the system is enhanced. Therefore, this can be regarded as an
advantage of the star design. Nevertheless, the high cost and the losses of
cables are its drawbacks which are due to the longer lengths of cables and
the application of lower voltage ratings for coupling wind turbines in this
system [30, 31, 32].

2.4 Power transformer

The operation of power transformers settled in offshore substations is to
match the voltage of the offshore collection grid and of the offshore convert-
er of HVDC grid. In fact, these transformers, increase the voltage level of
the inner-array cable (typically from 10-36 kV to 110-200 kV), so as to mini-
mize the electrical losses associated to the export cable [33]. In addition, the
voltage control can be achieved by alternating the transformer winding ratio
(transformer tap changer).

The design of offshore transformers is virtually similar to the one of the
transformers used in onshore AC networks. The difference between them
is that the aim of minimizing the maintenance and harmful effects of the
marine surroundings are considered in the offshore transformer design. For
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instance, corrosion matters are taken into account in order to ensure the
protection of the offshore environment. Transformers are commonly con-
structed with copper windings wrapped around laminated iron cores. To
cool the system, these parts of the offshore transformer are digged into the
oil [4, 33].

2.5 Converter

The power converter is one of the most important components required for
the HVDC system of an offshore grid. It has the ability of converting electri-
cal energy from AC into DC or vice versa. Generally, there are two different
types of configuration for converters used in HVDC grids. This classification
is determined based on the converter operation principles. Therefore, the
topology that requires an AC system to operate is called Line Commutated
Converter (LCC) and further topology which is self-commutated employs
Voltage Source Converter (VSC). The utilization of VSC in high voltage
DC systems of offshore grids is prevalent. The reason for this is that the
proper operating facilities for offshore systems such as black-start capability
and independent active and reactive power regulation can be provided by
means of this technology [15]. This section will present a brief description
of VSC converters in offshore grids as well as of the LCC converters used in
the HVDC transmission systems.

2.5.1 Line Commutated Converter

The construction of a Line Commutated Converter (LCC) is based on the
implementation of the thyristor switches in Current Source Converters (C-
SCs) configuration [4]. The thyristors which are bistable switches can be
triggered with a gate pulse once in a half cycle [34]. However, the switching-
off of these switching devices will take place when the current passes through
the zero [4]. Thereby, this causes to restrict the controlling ability of LCC
converters [21]. As such, LCCs need a relatively powerful AC voltage source
for the commutation of the thyristors [35]. This technology is facing to lack
of black start capability and therefore, it requires an auxiliary start-up sys-
tem in offshore wind power plants or in very weak grids [36].

However, LCC is a mature technology which enables efficiency, reliable and
cost-effective power transmission for multiple utilizations. Hence, it can be
employed for transferring power over several hundreds of MW [37]. More-
over, LCCs are capable of withstanding short-circuits, since DC inductors
have the capability of the current limitation under fault condition [38]. In
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Figure 2.11: Line commutated converter topology.

addition, this thyristor-based technology renders small number of switchings
so that low switching losses can be resulted [21].

The basic building block utilized for LCC converters is a 6-pulse bridge in
which six thyristor valves are placed. These thyristor type valves of LCC
converter have to fulfill the functions as: conducting high current (up to
5 kA), blocking high voltage (up to 8.5 kV ), governing the DC voltage
through the firing angle, connecting AC and DC sides and transmitting at
higher voltage levels [4, 21]. As such, the power transmission by means of
LCC can be performed up to 7200 MW at a DC voltage level of 800 kV,
whereas the VSC is able to transfer up to 1000 MW at +320 kV [21].
Furthermore, various thyristors are usually connected in series to ensure the
achievement of desired high voltages. Therefore, in case of a single thyris-
tor failure, the whole HVDC circuit is not disabled. As a consequence, the
redundancy can be foreseen. Most of the classical HVDC topologies employ
12-pulse LCCs in order to cancel the harmonics with orders of 5,7,17,etc [4].
The commutation of line-commutated converters is based on the current
transmission from one branch of the converter to another which takes place
thanks to a synchronized firing sequence of the thyristor valves. The commu-
tation normally acts with AC system voltage source. Therefore, the short-
circuit capacity of the AC system needed for LCC commutation is almost
twice the rating of the converter [35]. Figure 2.11 shows the scheme of the
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Chapter 2 Offshore grids structure

6-pulse and 12-pulse series LCC converters.

2.5.2 Voltage Source Converter

Self-commutated voltage source converters are developed on the basis of
power electronic devices. The switching elements in VSCs are Insulated Gate
Bipolar Transistors (IGBT) which contains the controllability characteristic
of MOSFET and also feature of the BJT reliability [4]. Therefore, these de-
vices do not commutate with frequency in the AC network. Thus, the risk
of commutation failure can be eliminated,since an AC grid is not required.
The operation of turning-off and turning-on in IGBTs allows for greater
controllability and switching symmetry than the LCCs, which leads to a
quicker power flow control. The VSC technology enables controlling active
and reactive power independently so that the need for costly reactive pow-
er compensators is removed [4]. Another feature of VSC is the decrease in
the generation of harmonics thanks to a larger number of switching opera-
tions [21]. Also, the short-circuit capacity control of AC grid is not required
in this technology [4]. An additional advantage is its black start capability.
The converter topologies in VSC-HVDC are commonly divided into three
groups: two-level converter, three-level converter and Modular Multilevel
Converter (MMC). A VSC converter allows for the generation of a sinusoidal
AC voltage from a constant DC voltage in an inverter mode and it can carry
out the inverse process of this conversion in a rectifier mode. Hence, the
utilization of a Pulse Width Modulation (PWM) technique is efficient for
the switching of the IGBTs. The reason for this is that the PWM makes the
switching devices produce an almost sinusoidal wave at a certain frequen-
cy [4]. Figure 2.12 shows the scheme of a two-level voltage source converter.

T

Figure 2.12: Scheme of a 2-level 3-phase VSC.
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2.6 HVDC grid for offshore wind power transmission and applied topologies

Focusing on the higher level VSC converters, the harmonic distortions of the
output voltage as well as the number of switchings can be reduced through
these technologies. Therefore, power losses associated with the switching can
be significantly reduced with this topology, compared to the VSC-HVDC
systems including two-level converters [4].
Modular Multilevel Converter topology was suggested by Prof. Rainer Mar-
quardt in 2003 and worlds first implementation of this concept was in the
Trans Bay Cable project [4]. In this project, two converter stations intercon-
nected together through a transmission line with a voltage level of 200 kV
and a length of 88 km were equipped with MMC converters of 400 MW [4].
Multilevel converters are constructed via a series connection of multiple
sub-modules in order to maximize the output voltage level of the convert-
r [21]. This concept can be built according to two different configurations
which are half-bridge and full-bridge.
In MMC topologies, each module includes the semiconductor switches and
a DC capacitor independently. For this reason, this technology has a con-
siderable advantage compared to the two-level and three-level VSC con-
cepts, which is the inexistence of a connection of the common capacitor in
the converters DC link [21]. This renders the MMC suitable for applications
of high-power and high voltage.
The benefits of MMC concept are small switching losses and a low level of
HF-noise in comparison with two-level converter topology, which in turn are
related to the low switching frequency/[4].
Furthermore, the switching operation of modules in MMC allows for the
formation of multiple small voltage steps in order to create step-wise AC
waveforms of the output voltage [4]. Therefore, the large voltage steps cor-
responding to the PWM operation can be diminished by using this con-
cept. Figures 2.13 and 2.14 show the schematics of the MMC with topologies
of half-bridge and full-bridge modules, respectively.

2.6 HVDC grid for offshore wind power transmission
and applied topologies

To transfer offshore wind power, HVDC grids in which one or multiple large-
scale offshore wind power plants are integrated into onshore electric power
systems are applied. Offshore HVDC links can be divided into two main
configurations depending on the locations of wind farms and onshore AC
substations, flexibility, redundancy and reliability of power transmission and
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Figure 2.14: Schematic of a full-bridge module and a cascaded configuration.

eventual costs of transmission cables and devices [4], which can be point-to-
point (PPT) and multi-terminal HVDC links. The foregoing topologies are
discussed below in greater detail.
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2.6 HVDC grid for offshore wind power transmission and applied topologies

2.6.1 Point-to-point HVDC topology

Point-To-Point (PPT) HVDC grids are the simplest HVDC configuration
to connect a single offshore wind farm with a shore AC network. This type
of connection includes two power converters and DC lines. The first PPT-
HVDC grid for transmitting offshore wind power to the shore grid is the
project of BorWinl. This HVDC connection system is used to link the wind
farm of BARD offshore 1 located in the North Sea to the German onshore
AC network [21]. Figure 2.15 illustrates a scheme of point-to-point HVDC
grid.

Offshore Shore

Point-to-point HVDC transmission
system

Main AC grid

HVAC 7 HVDC cable Y HE
\“\5 — —

W

Figure 2.15: Offshore wind power transmission through point-to-point HVD-
C topology.

In case of fault occurrence in the converter or HVDC circuit, the redundancy
in the DC system cannot be foreseen, so that this causes the loss of the wind
farm coupled to the faulted link [4]. Also, there is no flexibility in point-to-
point grids.

2.6.2 Multi-terminal HVDC topology

The multi-terminal HVDC topology is used for power transmission of sever-
al offshore wind farms to the onshore AC grids. This configuration provides
sufficient redundancy within the HVDC systems and thus, it improves the
reliability of power transmission. Figure 2.16 shows a general scheme of this
HVDC grid consisting of various HVDC circuits and converter stations. The
worlds first multi-terminal flexible HVDC project constructed in China by
the local network operator China Southern Power Grid (CSG), has three
terminal +£160 kV HVDC transmission networks. The capacity of this multi-
terminal VSC-HVDC project called Nanao is 200 MW [21].

There are different configurations of multi-terminal HVDC grids depending
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Chapter 2 Offshore grids structure

on the number and capacity of HVDC links, maximum loss of power, flexi-
bility, redundancy, number of HVDC circuit breakers and fast communica-
tions [15, 4].

Offshore

Multi-terminal HVDC
transmission system

KD ’7=

HVAC 7

Figure 2.16: Offshore wind power transmission through multi-terminal
HVDC topology.

These topologies are the General Ring Topology (GRT), the Star Topology
(ST), the Star with a General Ring Topology (SGRT), the Wind farm Ring
Topology (WFRT) and the Substations Ring Topology (SSRT) [4].

The common feature of all multi-terminal HVDC grid configurations is flex-
ibility, since the bidirectional power flow is possible in case of failure in these
grids. However, some differences can be found between these configurations
such as [4]:

e The implementation of ST and SGRT topologies with an offshore plat-
form.

e The requirement for fast communication in the GRT, WFRT and SSRT
topologies to attune the protection devices.

e The need for a number of HVDC circuit breakers equal to the number
of wind farms or AC grids for WFRT and SSRT topologies and a
number of circuit breakers equal to the total number of wind farms
and onshore AC substations for GRT, ST and SGRT configurations.
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2.7 Summary

2.7 Summary

This chapter has introduced the offshore grid structure to be implemented in
different scenarios such as inrush current reduction of transformers available
in offshore systems during start-up and integration of offshore wind farms
or during system restoration after fault clearance. Hence, all the main com-
ponents of the abovementioned grid have been described in detail in order
to enable us to better understand and analyze these scenarios.
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Chapter 3

VSC converter modeling and control

To analyze the HVDC converter behavior in the offshore grids, modeling
of the voltage source converter, modeling of the AC and DC grids of the
converter as well as different control systems of converters have been studied.

3.1 Introduction

The VSC-HVDC transmission technology is used in offshore grids to con-
nect the offshore wind farms to the main AC grids. The VSC converter of
high voltage DC systems plays a significant role in transferring the power
within the offshore grid. Therefore, in order to better understand the dy-
namic characteristics of converters, an averaged model of power converter is
presented. In addition, different representations of AC and DC grids of con-
verters are included. Based on these models, several control schemes of the
power converter are introduced in order to ensure the optimal converter per-
formance and stability of HVDC systems under various conditions. Control
structures of converters are designed on the basis of a basic vector control
strategy including a voltage control loop and an AC current control loop. The
design of these controllers is accomplished based on the dynamic equations
of the power converter as well as the applications of the control system.

This chapter is organized as follows: an averaged model is described in Sec-
tion 3.2. In Section 3.3, models of AC grid coupling filters including inductive
coupling filter and inductive-capacitive filter are presented. Section 3.4 dis-
cusses the modeling of DC grids for back-to-back, point-to-point and multi-
terminal configurations. Thereafter, the inner and outer control loops and a
Phase Locked Loop (PLL) method to synchronize the system with the AC
grid are analyzed in Section 3.5. Finally, a study of the converter control
systems under the fault condition is presented in Section 3.6. It should be
mentioned that all the information of this chapter is referred to [39, 40].
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Chapter 3 VSC converter modeling and control

3.2 Average model of a VSC converter

To scheme the VSC converter control strategies and analyze the HVDC sys-
tem, an average model of the power converter is considered. This simplified
equivalent representation that shows the average dynamic behavior of a con-

verter at low-frequencies is achieved by decoupling the converter AC and DC
sections as shown in Figure 3.1.

| DCm

4@ 4@4 )
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e
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Figure 3.1: Average equivalent circuit of a two-level VSC converter.
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In this average model, the converter AC side is represented by three AC
voltage sources, whereas the converter DC side is modeled as a controllable
current source. By neglecting losses in the voltage source converter, the ac-
tive power on the AC side becomes identical to the power exchanged at the
converter DC side [41, 42] i.e.

Pyc = Ppc = Elpcm (3.1)

and therefore, the DC current of the source can be calculated based on the
power balance at the AC and DC side of the converter, i.e. [39]

P
Ipcm = % (3.2)

where Psc is the active power at the AC side, Ppc is the power at the
DC side of the converter, E is the DC side voltage and Ipcy, is the current
injected in the DC side of the converter.
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3.3 Models of AC grid coupling filter

3.3 Models of AC grid coupling filter

To decrease high-frequency harmonics in AC current, limit short-circuit cur-
rents, avoid variations of the current polarity in IGBT and independently
control the active and reactive powers by regulating the current [43], an AC
coupling filter between the AC grid and the AC side of the VSC converter is
needed. For HVDC applications, the most common filters are inductance fil-
ters (L). However, inductance and capacitor filters (LC) are used for voltage
regulation when the converter is interfaced with an offshore grid including
offshore load or offshore wind farm. The models of AC coupling filters are
described in the following subsections.

3.3.1 Inductive coupling filter (L)

The L filter allows for the connection of the VSC converter to the AC
grid. The schematic diagram of the VSC connection to the AC system by
means of a L filter is sketched in Figure 3.2.

Re ke | iane PCC

L filter

hd Veabe
VSC

Figure 3.2: Model of the VSC converter connection to the AC grid through
a L coupling filter.

According to the average model of the VSC converter, as illustrated in Figure
3.1, and assuming a balanced three-phase grid, differential equations at the
AC side of the VSC converter under the stationary frame can be described as

di .
L. i = Vza = Vca — Reica

L. dzﬁb Vap — Vb — Relep (3-3)

dicc ;
Lc dic = Vze = Vce — Rczcc
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where v,4,. denotes three-phase voltages at Point of Common Coupling (
PCC ), veape is three-phase converter voltages at AC side, igqpe represents
three-phase AC currents flowing into the converter through the L coupling
filter and (R, + jwL,) is the resistance and reactance of the coupling induc-
tance between the converter and the PCC.

Using Park transformation, Equation (3.3) can be transformed into the qd
synchronous reference frame, as follows.

di . .
L. d;q = Vzq — Veq — Rclcq —wlLcicq

(3.4)

di., . .
L. dtd = Uzd — Ved — Releq + WLchq

where w is the angular frequency of the grid, v.qq , V¢qq and i.q4q show qd-axis
components of the PCC voltage, converter voltage and the AC current, re-
spectively.

3.3.2 Inductive-capacitive coupling filter (LC)

The LC filter controls the amplitude and frequency of the offshore grid volt-
age in case of disturbances in the offshore grid current. The LC filter which
consists of a series RL branch ( R. + jwL.) and a shunt capacitor (jwX,)
connects the VSC AC side terminal to the offshore grid (offshore load or
wind farm). The implementation of C; at the PCC provides a low-impedance
path to switch current harmonics generated by the VSC converter in order
to prevent them from penetrating into the offshore grid. The model of a
VSC converter connected to the offshore load by means of an inductance
and capacitor filter (LC) is depicted in Figure 3.3.

E _| Rc Lc ’.c_ab’c P‘CC M RoI I-oI

Veabe LC filter  Vazabe
Figure 3.3: Model of the converter connection to the offshore load through
a LC coupling filter.
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I Offshore Load
VSC

Using the qd synchronous frame transformation, the mathematical model of
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Figure 3.3 can be expressed as:

di . .

Lcd—;q = Ueqg — Vzqg — Releqg — Wheicq (3.5)
di . .

L. d;d = Ved — Vzd — Reled + wheicq (3.6)

where w is the nominal frequency of the power system, i.4q is qd-axis compo-
nents of the AC current flowing from the converter to the PCC, v,4q refers to
the voltages at the PCC and v.4q are the voltages applied by the converter
in the synchronous reference frame.

Also, according to state-space equations, dynamics of offshore load voltage
in qd synchronous frame can be defined as follows

dv, . :

Cf ;}tq = wavzd + teqg — %olg (37)
dv, . )

Cy th = —wCfVyq + ted — lold (3.8)

where 7444 indicates the currents flowing through the offshore load (R, +
jwLy) in qd synchronous frame. Moreover, the dynamic model of the off-
shore load composed of a series RL branch is written as

diy ) )

Lolﬁ = Vzq — Rollolq - WLolZold (39)
diold . .

LolTot = Vg — Rotlold + CULolZolq (3'10)

where R, and L,; are the resistance and inductance of the offshore load.

3.4 DC grid Modeling

The classification of the DC grids that exist among the converter stations
of HVDC transmission systems is established on the basis of the situation
and operation of the converter stations. Thus, DC grid configurations can
be divided into three main groups: back-to-back, point-to-point and multi-
terminal grids.

The cables in the DC grid connecting two or more converter stations are
represented by m-equivalent circuits in which the capacitor at each terminal
is equal to the summation of the whole capacitors joined in parallel at that
end [44].
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3.4.1 Back-to-back grid model

The HVDC back-to-back structure is a common configuration used to con-
nect two asynchronous AC systems, operating at various frequencies, through
a DC grid. Two VSC converters of this configuration are located at the same
station and thus, there is no transmission of power with a DC grid over a
long distance. The schematic diagram of a back-to-back system is shown in
Figure 3.4.
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Figure 3.4: Back-to-back converter DC grid model.

applying the Kirchhoffs laws to analyze the DC circuit, the following expres-
sions are obtained

Ipc = Ipcm — IDpci (3.11)

dFq 1
— =] 3.12
dt o be ( )

where FE; is the DC voltage, C7 is the capacity of DC capacitor, Ipc., is
the current coming from the DC side of VSC1, Ip¢ is the current flowing
through the DC bus capacitor and Ip¢; is the current flowing through the
DC side of VSC2.

Substituting for Ipc in Equation (3.12), based on Equation (3.11), the
derivative of the DC voltage can be expressed as a function of the cur-
rent from both converters as:

dFEq 1
— = —Upcym — 1 3.13
7 Cl( DC: Dei) (3.13)
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3.4.2 Point-to-point grid model

The point-to-point system is used to connect two AC systems like an offshore
wind farm and an onshore AC grid. This type of system is composed of two
converter stations that are interfaced by means of a DC transmission line
(cable or overhead line). The typical schematic of the point-to-point system
is depicted in Figure 3.5.

I DCm1 —»’D cl ’DCmZ
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Figure 3.5: The point-to-point system representation for a DC grid analysis.

The DC link differential equations describing the dynamic behavior of the
point-to-point HVDC grid can be expressed as follows

dE 1
ditl = a(IDC’ml — Ipcy) (3.14)
dE 1
072 = @(IDCI — Ipcm2) (3.15)
dl 1
CZCZ = E(El — Ey — RilIpcy) (3.16)

where F and E» are the voltages of equivalent capacitors, C7 and Cy are the
equivalent capacitances at both sides of the DC grid, Ipcm1 and Ipome are
the currents flowing through the converters, Ipc; is the current flowing
through the DC cable and R; and L; are the resistance and inductance
of the DC cable.

3.4.3 Muilti-terminal grid model (three-terminal)

The multi-terminal HVDC configuration contains more than two HVDC
converter stations which are geographically separated and linked through
DC transmission lines. The scheme of a three-terminal grid, studied in this
thesis, is depicted in Figure 3.6.
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Figure 3.6: Three-terminal DC grid model.

The differential relations of the three-terminal grid shown in Figure 3.6 can
be obtained based on circuit laws, as

dEq 1

—_— =] 3.17
g~ o lpon (3.17)
dFE5 1
— =] 3.18
pralaleRLE (3.18)
dFE3 1
- 7 1
&~ o, lpos (3.19)
dIpcn 1
—— = —(F1 — FEy — R{I 3.20
o Ll( 1 2 1Ipci) (3.20)
dIpci2 1
= —(F;1 — F3— Ryl 21
o Lz( 1 3 — Ralpci2) (3.21)

and also, the following expressions
Ipci = Ipem1 — Ipcin — Ipciz (3.22)

Ipco = Ipcin — Ipome (3.23)
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3.5 Converter control design
Ipcs = Ipciz + Ipcms (3.24)

Substituting for Equations (3.22) to (3.24) in (3.17) to (3.19) and reorganiz-
ing the differential equations of the DC grid, the state-space representation
can be obtained in the following form.

dx
W?)t = AgtIgt + BgtUgt (325)

For the three-terminal grid, the state vector (z) including the currents in
the inductors and the voltages in the capacitors and the input vector (u) are

characterized -
$3t2|:E1 Ey E3 Ipcn IDCZQ} (3.26)

T
ugy = [Ipcm Ipcme IDCm3] (3.27)

and the matrices in the state-space model are defined as

[0 0 0 5—} 5—}'
0 0 0 c% 0
Ay=10 0 0 0 & (3.28)
1 -1 g =& 0
; Y . 0 T2
1
& 0 0
0 = 0
2
By=|0 0 & (3.29)
0 0 0
0 0 0

3.5 Converter control design

The control strategy implemented in the converters of this thesis is based
on the classic vector control [45, 46, 47]. The aforementioned control system
enables controlling the active and reactive powers independently as well as
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limiting current. This control strategy can be classified in two groups: lower
level controller and higher level controller. The lower level controller known
as current control loop or inner loop is responsible for regulating the g- and
d-axis components of the AC current. Moreover, the higher level controller
named as voltage control loop or outer loop is used for the production of
the current reference components, iz, and iz, in order to inject to the in-
ner loop. Depending on the HVDC converter application in the thesis, the
outer loop is determined on the basis of the DC and AC voltage control

systems. Namely,

e The DC voltage control scheme is employed for converters linking the
DC systems to the main AC networks. The DC voltage controller gov-
erns the HVDC grid voltage to ensure power balance and DC system
stability. Thus, in applications in which i7, is provided by the DC volt-
age controller, the other current component, i7;, results from an AC
voltage controller in order to be capable of regulating AC voltage at
the PCC.

e When the power converter is connected to offshore wind farm, the
AC voltage controller is applied to the converter in order to generate
a stable voltage at the AC busbar of the offshore wind farm plat-
form. Therefore, the goal of this control system in this case is to pro-
vide both current components of the converter, izqd for inner control
loop. The fact is that the AC voltage control system is the sole con-
troller available in outer loop.

A detailed description of the inner and the outer controllers is presented
in the next subsections. Note that the control systems based on the vector
control method are designed in the synchronous reference frame, defined by
the grid angle obtained through a Phase Locked Loop (PLL) system. For this
reason, the currents and voltages measured at the AC side are transformed
into g-and d-components through park transformation.

3.5.1 Converter current control (Inner loop)

The inner current control based on vector control strategy is designed to
track the current references obtained by the outer controller in a defined
time and to generate voltage references for injecting to the VSC convert-
er. Therefore, the systems active and reactive powers can be independently
controlled under these circumstances. Figure 3.7 shows the structure of this
inner loop controller.

38



3.5 Converter control design

VSC

le
[ :
Veg leg
IS @ Ueg Kilq(s) )
® leq
= wL,
Veabe E
o WL .
Sy u led icq
o cd A cd = cd
S 0 Kiia(s) )
Vzd
Inner Loop

Control System

Figure 3.7: Control block diagram of converter current.

According to Subsection 3.3.1, the mathematical model describing the AC
side current dynamics of the converter flowing through a L coupling filter, is
as follows [39]

d licg| |—Re —wLc| |icq Vg — Veq
Lca |:icd:| B |:WLC _Rc:| |:icd:| * |:’Uzd — VUcd (330)

Due to the existence of wL, terms in Equation (3.30), dynamics of ., and
i.q are coupled to each other. This coupling can result in an adverse trace
on the efficiency of the current control loops. For this reason, an approach
of the decoupling and independent control of q and d components of current
is employed to avoid this drawback. In addition, the decoupling of the g—
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and d—axes needs a feed-forward technique in order to inject the wlL.i.q and
wLicq signals into the g- and d-axis control loops when i, and i.4 are regu-
lated to control the active power and reactive power, respectively. Thus, the
cross coupling between ¢ and d axes is compensated using feed-forward sig-
nals. Hence, two new control signals (u¢q,ucq) are introduced here

Ueg| | O —wLe| |icq Vzg — Vcqg

|:ucd:| B |:(’ULC 0 :| |:icd:| * |:Uzd _Ucd:| (331)
where u., and u.q indicate the outputs of two current loop controllers, i.4q
represents the qd-axis components of the current flowing at the AC side of
the converter, v, is the qd-axis components of the voltage generated by
the converter, v,4q is the qd-axis components of the voltage at PCC and L.
is the inductance of the coupling filter.
According to the resulting control signals in Equation (3.31) and assum-
ing the d-axis component of the voltage on the AC side is equal to zero

(vza = 0), the desired fundamental components of the VSC AC voltage in
the ¢d frame are computed as below.

[zﬂ - L% _%Lc} BZ] + [USq} - [Zﬂ (3.32)

Therefore, substituting Equation (3.32) into Equation (3.30), two decou-
pled first-order linear systems can be deduced as

Ueg| _ |Re 0] |icq I d i 3.33
B R v R 539
By transforming the previous equations through Laplace, transfer functions

between the currents flowing through the coupling filter and voltages of the
current controller are obtained as

1
beg = ———— 3.34
beq L.s+ R. teq ( )
P (3.35)
led = LCS—i-RCUCd .

where s is the Laplace operator.
Based on Equations (3.34) and (3.35), the g—and d—axis variables of the
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3.5 Converter control design

converters AC current (icq,icq) can be regulated by u., and u.q, respective-
ly. Moreover, by applying the Internal Model Control (IMC) technique [48,
49], the transfer functions of the controller, Kj;,(s) and Kj4(s), can be de-
signed as

K, s+ K;_j

Kig(s) = Kua(s) = .

(3.36)

where Kj4(s) and Kj4(s) are simple proportional-integral regulators allow-
ing for tracking references and K,_; and K;_; represent proportional and
integral gains, respectively. Hence, these gains are defined as

L

K, q=-"° (3.37)
Til
R

Kiy==—" (3.38)
Til

where 7;; is the resulting control closed loop time constant which is selected
depending on the requirements of the application and the converters switch-
ing frequency. It is typically considered to be a number of times faster than
the switching frequency of the VSC in order to track current references from
some milliseconds to tens of milliseconds depending on the application [39].
It should be noted that u., and wu.q are the output of two proportional-
integral (PI) regulators available in the converters current control system. Ad-
ditionally, the q and d-axes PI regulators, Kj;,(s) and Kjq(s), process the
error between the reference current and its actual value, i.e. e.qq = izqd —
icqga and then provide u.qq. Hence, the VSC inner controller generates v,
and v.q which, in turn, control i,, and i,y in accordance with Equation
(3.30). Consequently, based on these descriptions, the state-space model of
the VSC current controller can be deduced as

dl‘il
= Bju; :
gt 1Uil (3.39)
yi = Cuzi + Diyuy (3.40)

where the inputs, outputs and state variables are

i = [Cicg €ica] (3.41)
1" (3.42)

wip = (i, %y Geq Ged Vi Vad
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vit = [veg Ve (3.43)
where the matrices are
-l X ) aan
Ciy = [ . (3.45)
Ky
e S

3.5.2 Phase Locked Loop

A Phase Locked Loop (PLL) system is used to synchronize the converter
controllers with the AC grid voltage as well as to calculate the grid angle
for the system Park transformations. The d-axis voltage is oriented with its
reference value (vi; = 0) by means of a PI controller. The output of this
regulator measuring the grids angular velocity is integrated to provide the
voltage angle for the transformations. The scheme of the PLL combined with
the converters control system is shown in Figure 3.7 and its corresponding
PI controller is expressed as [39]

Ky pus + Ki—pi
Kpu(s) = ————— (3.47)
K,_
Ky gy = —221 (3.48)
Tpll

where 7, is the PLL time constant and K,_,;, K;_,; are the proportional
and integral gains of the PI regulator. The controller parameters 7,; and
K, _pu are obtained from Equations (3.49) and (3.50).

Kp—pllvz

Wy = 4| —ER= (3.49)
Tpll
VK p—pi0=Tpu
G = = 120 =P (3.50)
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3.5 Converter control design

where (, is damping ratio, w, is the electrical angular velocity and v, is
the AC grid voltage magnitude.

3.5.3 Current limiter

The current of the converter can be enhanced to a given maximum value de-
termined by the thermal limits of the converter [36, 42]. The current limiter
compares the current value computed from the active and reactive refer-
ence currents with the maximum permitted magnitude. When it exceeds
the rated current of the converter, the magnitude of the reference current is
limited. The current limit is defined as

[0 = (i) + (i29)? (3.51)

The current limiter implemented in the VSC control system can be achieved
in several ways depending on the priorities between the active and reactive
powers. Three different possible strategies for the restriction of the reference
current, shown in Figure 3.8, are described below.

|1

max
lc

> >
lcd,ref ey J

(a) (b) (c)

\

Figure 3.8: Current limiting strategies.

e Reactive power priority (i%;): The converter will give this priority to
the reactive current reference to keep the AC voltage when the current
limit is exceeded. Under these circumstances, the d-axis current will
be maintained and g-axis current will be reduced, as shown in Fig-
ure 3.8 (a). This strategy is generally selected when the converter is
linked to a weak grid or employed to supply an offshore load.
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Chapter 3 VSC converter modeling and control

e Active power priority (i, ): When the converter is connected to a strong
grid, priority is normally given to the delivery of active power. Con-
sequently, the g-axis current will keep constant and the d-axis current
will decrease, as illustrated in Figure 3.8 (b).

e limiting the current in both axes proportionally and maintaining the
power factor constant (Figure 3.8 (c)).

3.5.4 Voltage Controlled Oscillator (VCO)

In the offshore load in which the frequency is not imposed by the AC system
or in offshore wind farms in start-up mode, frequency control is a chal-
lenge. In order to overcome this issue, the Voltage Controlled Oscillator
(VCO) is used instead of the PLL in the converter station supplying power
to the offshore load or energizing the offshore grid. The output of VCO which
results from the integration of the nominal frequency of the power system
is used to transform voltages and currents from stationary into synchronous
reference frame and vice verse [50]. Figure 3.9 shows the scheme of the VCO
integrated in the VSC control system.

3.5.5 AC voltage control for offshore grids

The aim of the AC voltage controller is to generate an AC voltage with
constant amplitude and frequency (v.qp.) for the offshore grids including
wind farms and load. This voltage control loop is composed of two com-
pensators, a decoupling feed-forward compensation and a load compensat-
ing feed-forward in order to ensure uninterrupted and balanced voltage at
the offshore grid terminal and also to fulfill a pre-specified dynamic perfor-
mance [50].

The AC voltage controller strategy is defined according to the load voltage
dynamic model, described in Subsection 3.3.2, in order to facilitate the con-
trol design.

dv . .
C'f d;q = wavzd + teg — Tolg (3.52)
d’l)zd . .
Cy Tl —wCVzq + ed — told (3.53)

The previous relations show that the q and d-axis components of the offshore
terminal voltage, v, and v,4, are regulated on the basis of the AC currents
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3.5 Converter control design

in the qd synchronous frame, i., and i.q, and they are coupled to each oth-
er. Also, the effects of offshore grid currents are taken into consideration
in these expressions. Hence, to eliminate the coupling between the q and
d-axis components of offshore terminal voltage, a decoupling feed-forward
compensation approach is applied. This technique is designed in a similar
way to the one employed to decouple g- and d-axis current components, (icq
and i.4), in the AC current controller system.

Moreover, the control process is developed by means of a further feed-forward
mechanism to compensate the impacts of the offshore grid current. For this
reason, the offshore grid current values in the qd synchronous frame, i,;, and
o1d, are added to the AC current references.

The AC currents in the synchronous frame can be written as follows [50]

g = Ucg + tolg — WC U (3.54)
led = Ued T Told + chvzq (355)
where u., and u.q denote the output of the voltage controllers.

Arranging the previous functions and substituting those in Equations (3.52)
and (3.53), the following relations can be deduced

dv,,

Cf dtq = qu (356)
dvq o

Cy g = Ued (3.57)

Applying Laplace transformation to Equations (3.56) and (3.57), two decou-
pled d—and g—axis closed loop transfer functions are obtained

1

Vag(s) = C—fsucq (3.58)
1
v.4(8) = C—fsucd (3.59)

These equations illustrate that v., and v,4 are independently regulated by
Ucg and Ueq.

Considering the symmetrical optimum method, two PI compensators gener-
ating two independent outputs of u., and u.q can be designed. Therefore, the
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PI compensators are

k. —o ki—o
Ko(s) = “pmot2 * ol _ 50 (3.60)

S S
Kpo =k, K oy=nKy g (3.61)

where K,,_, and K;_, are the proportional and integral control gains. In
addition, the controller parameters, n and K,_,, are calculated based on
Equations (3.62), (3.63) and (3.64).

1, 1—n1y
S = sin (—% .62
m—ol = SiN (1 v (3.62)
wor = \/n7;" (3.63)
kp—ol = Wol Cf (3.64)

where 0,, o1, wo and 7,; denote phase margin, crossover frequency and time
constant, respectively. It should be noted that the symmetrical optimum
technique has disadvantages in case of offshore grid disturbances, such as
load disconnection [51]. Therefore, LQG optimization procedure is appro-
priate to achieve a better disturbance rejection and also a faster dynamic
response [51]. In other words, this methodology is selected in order to en-
sure the optimum regulation and stability of the closed-loop system which
are the important design objectives of the voltage controller [51, 50]. The
LQG compensators are defined as [52]

As3+ Bs>+Cs+ D
Es34+Fs2+Gs+ H

Ko (s) = k1 (3.65)

It should be noted that two LQG compensators in the qd synchronous frame
process the error between the offshore voltage reference and its actual val-
ue, (eq = vV, — Vi, €4 = Vi, — Vxd), and then provide uc, and ucq. There-
fore, i,y and i.q are constructed based on Equations (3.54) and (3.55) and
are delivered to the corresponding q and d-axis current control loops.
Finally, the AC voltage control loop of the converter station connected to
the offshore grid can be designed as follows

Geqg = tolg — WCULq + Kol(s)(v:q — Uzq) (3.66)
ted = lold + wC Vg + Koy (8)(Vig — v2q) (3.67)
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3.5 Converter control design

Figure 3.9 depicts the control scheme of a converter linked to the offshore
load through a LC filter. Note that one assumption adopted in the AC
voltage controller of this thesis is that the q and d-axis components of voltage
are, (Vzq, V2d)=(Vzn, 0). The v, is the nominal value of offshore terminal
voltage.

VSC
E|__ —I W @f PCC ﬂ, Rol Lo
lo
¢ Veabe Vzabc I
vco T
w
°
Veabe

Voltage modulation

Control System

Figure 3.9: Voltage and current controller scheme for the converter connect-
ed to an offshore load through a LC filter.

3.5.6 AC voltage control for onshore AC grids

To control the AC grid voltage magnitude with its reference value, the AC
voltage controller is handled in the converter station. This controller enables
generation of reactive power in order to adjust the AC grid voltage. The fore-
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going controller comprises a PI regulator to be able to annul steady state
errors. Figure 3.10 pictures the scheme of the AC voltage control in the con-
verter linked into the AC grid by means of a L filter.

VSC

T(6)
Vaabe PLL

Veabe

Voltage modulation

v¥
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(v Vig

Inner Loop AC Voltage Control

Control System

Figure 3.10: Scheme of the AC voltage controller implemention with a in-
ner control loop for a VSC interfaced with the main AC grid
through a L filter.

Due to the reactive current is associated with reactive power, as seen in
Figure 3.10, the voltage of AC system can be controlled by d-axis reference
current. The d-axis component of current reference can be calculated using
the PI controller as

Ky (s)(vzg — vzq) (3.68)
Q
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3.5 Converter control design

where K, is specified as

kp—vs +ki—y

Ky(s) = .

(3.69)

where k,_, and k;_, are the proportional and integral gains of voltage con-
troller.

3.5.7 DC bus voltage control

The objectives of the DC voltage controller are the regulation of the DC volt-
age in the HVDC grid to ensure DC grid voltage stability and the balance
between the DC grid power and the power supplied to the AC grid. This
voltage controller operating in outer control loop generates the active cur-
rent, iz, for AC current control loop. In turn, changing this current allows
for the control of the DC voltage. There are several methodologies employed
for DC voltage regulation, among which the droop controller and the PI con-
troller are the most common methods. The PI controller is a simple method
allowing for the regulation of output current. The foregoing technique is im-
plemented in this thesis and further details are explained in the following
subsection. Also, the description of the droop controller can be found in Ap-
pendix A.

To control the DC bus voltage by means of the AC current reference, i7,, the
output of the DC voltage regulator, i}, is transformed into the active pow-
er reference value.

where E7 is the DC voltage at the converter and I7,; is the reference value
of the current flowing from the dc side of the converter.
Substituting Equation (3.70) in the Equation (A.12) of Appendix A and
rearranging the obtained relation, the current injected to the AC current
controller of the converter can be defined as

2

log = 3TquIIECl (3.71)

e PI controller design:

The PI-based DC voltage regulator is mostly implemented in HVDC grids

49



Chapter 3 VSC converter modeling and control

to control DC voltage at a stable level. The controller scheme for the back-
to-back converter linked to the AC grid through an L filter is depicted in
Figure 3.11.

VSC

lpem Ipc
—_—

El‘ ::Cl

5

% DC Voltage Control

=
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g 3 L [

e Vi

Inner Loop OuterLoop

Control System

Figure 3.11: DC voltage control structure in a converter connected to the
AC grid through a L filter (by using PI regulator design).

The DC bus dynamics as defined in Subsection 3.4.1 are

dFn 1
— = —Upcm — 1 3.72
i C1( DC pct) (3.72)

The (Ipcm — Ipci) in Equation (3.72) can be also replaced by the current
flowing through the capacitor, Ipc, and consequently, the PI controller out-
put can be computed as

dFEq

Ipc =C1—— 3.73
o= (373
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3.6 Control systems for AC fault condition

Transformation of Equation (3.73) into Laplace domain results in a trans-
fer function between the controlled current and the DC bus voltage as follows

1

Bi(s) = 5~ Ipcls) (3.74)

To achieve a satisfactory performance of the system, a controller with an
integrator, such as a PI controller, is used as

K;_
Kao(s) = Kp_go + ——1 (3.75)
where the constants of the PI controller can be computed as
Kpfdc = 201§dcwdc (376)
K g = C1w3, (3.77)

where &4 is the desired damping factor of the DC voltage controller and wy, is
the desired angular velocity of the voltage controller. Note that the stable
system response can be ensured when the DC voltage controller is designed
to have a much slower response than the current regulator [39]. Hence, the
DC current flowing through the converter ,Ipc;, can be considered to be
identical to the reference, I}, [53].

3.5.8 Constant power controller

The purpose of constant active power transmission to the HVDC grid can
be attained by employing a constant active power controller in the converter
station. This controller, as shown in Figure 3.12, is formulated on the basis
of the instantaneous power theory as

2

= P 3.78
Zcq 3vzq ( )

3.6 Control systems for AC fault condition

When an AC grid fault takes place, all the generated power cannot be ex-
ported to the AC grid due to the saturation of the converter current limit. In
such condition, the power that cannot be supplied to the AC system is
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Figure 3.12: Constant power control and current and voltage control struc-
tures of a converter connected to the AC grid by means of a L
coupling filter.

stored in the capacitors, and the DC voltage increases rapidly. Consequent-

ly, controlling the DC voltage will be a priority and this is accomplished
by dissipating power in chopper resistors, or by reducing part of the wind
farm power. In the first case, a DC chopper is employed to dissipate the
additional power in a resistor during the voltage sag. The second solution
is implemented by reducing the power generated by the wind farm in or-
der to restore power balance in the HVDC grid. These two approaches are
explained in more detail in next Subsections.

3.6.1 DC chopper

During short contingencies, the DC chopper prevents the DC voltage en-
hancement beyond a maximum permitted value. The reason for this incre-
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3.6 Control systems for AC fault condition

ment is the power imbalance in the HVDC grid. The DC chopper comprising
power electronic switches and resistors is installed in the DC voltage control-
ling converter stations. Moreover, it can be modeled as a voltage controlled
direct current source, the value of which can be defined as

Ey — BV

* N

IdC—chopper = kdc—chopperm (3.79)
where I3, opper 15 the current injected by the current source, Es is the DC

voltage, E5"® and EJ¥" are the upper and lower thresholds of the DC voltage
in terminals of the converter and kge—chopper is @ gain chosen on the basis of
the nominal capacity of the DC chopper and DC voltage, namely, S,/ Eo [54].
Figure 3.13 illustrates the scheme of a DC chopper.

Ry Ly
_W
|7;;_ —I __|E 1 E, |:: —I —,;;Al
VSC, - q VSC,
Idc-choppe§:
DC chopper 1
E, 1
max min —> Q
min Ex - E;
E> 0
A

Figure 3.13: Scheme of a DC chopper.

where « is the duty cycle and is issued for transistors controlling the DC
chopper. Once the value of Ej is equal to EJ""  « becomes zero and when
the Er=FE5"", the value of a is to 1. Actually, the DC chopper operates
linearly.

when the DC voltage exceeds of the pre-defined threshold, the DC chopper
dissipates the amount of current flowing in the DC grid which prevents in
turn all the active power from being transmitted to the AC grid. The main
advantages of this technique are that the output power of the wind farms

53



Chapter 3 VSC converter modeling and control

remains constant during the fault and the system remains stable in case of
fault.

3.6.2 Wind farm power reduction by controlling HVDC converter

HVDC converters connected to the wind farm are adjusted to transfer all
the power generated by wind farm to the HVDC grid. When a long fault
occurs (e.g. the disconnection of a line) and the DC voltage reaches the al-
lowable limit, E7"**, the operating mode of the converter at the wind farm
side is switched to power reduction mode. In this case, the converter enables
controlling the DC voltage by decreasing power injection [55]. This action
can be implemented using a variation of the wind farm power reference. It
should be noted that power dissipation through the DC chopper is not pos-
sible due to the overheating of the resistors. The power reduction control
law is stated accordingly through the following expression

P = Phy — k(BT — Ey) (3.80)
| R ——
P
kr = E1karoop (3.81)

where Pg}d is the reduced power of the wind farm, P f is the wind farm
power reference, £y is the DC voltage, E7"*" and kgro0p are control con-
stants to be chosen in the control system design, so that the stability and
performance are guaranteed under any possible conditions.

The previous relation indicates that the power reduction approach utilizes
a droop characteristic for the injected power decrement.

3.7 Summary

In this chapter, the average model of the VSC converter, AC grid coupling
filter models and DC grid models have been studied. Also, a control scheme
based on a two-level cascaded control system (inner and outer control loops)
has been explained. Three possible control modes for outer loop have been
represented: the AC voltage control mode, the DC voltage control mode and
the constant power control mode. One technique for DC voltage regulation
including a PI controller has been analyzed. In order to create a stable
voltage for offshore grids as well as to keep AC voltage constant under normal
and abnormal conditions, two different AC voltage control strategies have
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3.7 Summary

been presented. It is pointed out that inner current loop is a fundamental
to any control systems.
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Chapter 4

Modeling and control of a wind
turbine equipped with full power
converter

The scopes of this chapter comprise the description of a dynamic simplified
model for the full power converter wind turbine of an offshore grid and the
explanation of a control scheme. Finally, a simulation to test the employed
model will be also carried out in this chapter.

4.1 Introduction

A variable-speed wind turbine equipped with a full power converter as well as
a control scheme for the wind turbine will be modeled in this chapter. The
simplified model is presented in order to reflect the dynamic response of
the wind turbine to different incoming winds. The models of turbine, drive
train, generator and Machine Side Converter, MSC, are represented together
in this simplification, while the mathematical description associated with the
DC bus of the wind turbine is separately discussed. Note that the equivalent
scheme of the wind turbine converter at the grid side is the same model of
converter in the HVDC transmission system. The control systems used for
wind turbines can be classified in two groups of electrical and mechanical
controllers. The control system of the MSC and GSC converters forms the
electrical controller of the wind turbine, whereas the pitch control system
and DC chopper of the wind turbine develop the mechanical controller. The
control scheme of the Grid Side Converter, GSC, is used for the regulation
of DC bus voltage.

Therefore, this study is organized as follows: Section 4.2 briefly describes the
wind turbine with full power converter. Section 4.3 focuses on the simplified
model of the wind turbine. Section 4.4 discusses the control scheme of this
wind turbine system. Finally, the simulation results are presented in Section
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Chapter 4 Modeling and control of a wind turbine

4.5 in order to confirm the validity of the model and control design.

4.2 Variable-speed wind turbine with full power
converter

PMSG wind turbines equipped with full power converter are increasingly
employed in the industry due to their features. In this wind turbine tech-
nology, the generator and AC system is decoupled through power convert-
ers, to reduce the effect of a grid fault on the generator. In addition, the
machine side converter makes the generator operates within a wider speed
range. Hence, power extraction from the wind can be maximized. Further-
more, the converter at the grid side can meet the requirements of grid
codes. Therefore, the reactive power support can be supplied, especially
under fault condition, and the wind turbine can withstand the AC system
faults [4, 56].

Control system |-

Wind i . . ' Filter Transformer
Lw WTT

Offshore
collection
grid

turbine
- ‘—@

Figure 4.1: General scheme of a wind turbine equipped with full power con-
verter.

A conceptual schematic of the full-scale converter wind turbine is illustrated
in Figure 4.1. The wind turbine captures the power from the wind kinet-
ic energy. Then, the extracted power is transmitted through a shaft into a
PMSG direct driven generator. This generator, which produces the electri-
cal power, is interconnected to the AC power system through a full power
converter. In this type of generator, the excitation is provided by means of
the permanent magnets. Therefore, excitation losses can be considerably di-
minished [4]. Also, the lack of slip rings is an advantage that results in low
maintenance of these machines [56]. Thereby, PMSG generators can be used
for offshore applications.
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4.3 Simplified model of a full power converter wind turbine

The full-scaled power converters linked to the stator windings of the gener-
ator are based on the insulated gate bipolar transistors (IGBTSs) technolo-
gy. These converters make the generator speed to be fully decoupled from
the constant-frequency AC system. Also, the capacity of converters is con-
sidered to be identical to or larger than the nominal generator power.

The converter of the generator side injects the current into the DC circuit in
order to charge the DC capacitor. The grid side converter, which is interfaced
into the AC power grid (collection grid) through a transformer, controls the
DC bus voltage. The transformer of the wind turbine steps up the output
voltage of the grid side converter to the voltage of the offshore collection
grid. Under operating condition, a DC chopper is applied to bypass the
voltage sages [4]. To limit the power extracted from wind, a pitch control
system is embedded.

4.3 Simplified model of a full power converter wind
turbine

In order to represent the wind turbine dynamic behavior during offshore
grid simulations, design the control system and facilitate the study of the
wind turbine, which presentes numerous mechanical complexities, a simpli-
fied model is considered in this thesis. This dynamic representation applied
to wind turbines equipped with full power converter is divided into three
main parts, as shown in Figure 4.2. The first one is related to the dynamic
model of the mechanical and electrical systems of the wind turbine, including
turbine aerodynamic, pitch system, drive train, generator and the machine
side converter. The second and the third part refer to the modeling of the
grid side converter and the DC link of the wind turbine. The wind turbine
converter at the offshore collection grid side can be modeled by the same

Model of mechanical and electrical
systems of wind turbine Wind turbine DC grid GSC converter

*

i 1|, ? Ewr
T s+1 Pl

EWT

Vwind
—

£
3]
%
=
wv
<
[
b=
o

Drive train
Generator
MSC converter

Figure 4.2: Block diagram of simplified model of wind turbine equipped with
full power converter.
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representation of the HVDC system converter, included in Subsection 3.3.1
of Chapter 3. The model of the electrical and mechanical systems of the
wind turbine is expanded in detail below.

The dynamic simplified representation of the electrical and mechanical sys-
tems, indicated in Figure 4.3, is presented in order to show the variations
of power captured by the wind turbine according to the variations in the
incoming wind speed. For this purpose, the turbine aerodynamics are rep-
resented by a power-wind speed curve, so that the mechanical power of the
wind turbine can be changed depending on the speed of incoming wind. Fur-
ther description regarding the aerodynamic model can be found in Subsec-
tion 4.3.1. For higher wind speeds, the extracted power can be diminished
through a pitch control system. In fact, the mechanical power reduction can
be accomplished by filtering the difference between the captured mechani-
cal power and the power reference. Henceforth, the power controlled by the
pitch system is smoothed thanks to the dynamics of the mechanical and
electrical systems. These systems, containing the drive train and genera-
tor, allow to transfer the mechanical power into the generator and convert
it into electrical power. Therefore, their simplified model is composed of a
dynamic m corresponding to the rotor inertia and a dynamic Telels T
corresponding to the electrical system. The Jy 7 and 7. are inertia and
electrical time constants for the wind turbine, respectively [40].

Vwind PE Pm + 7_" 1 %,_,
Vwind - JWTS+ 1

1 ‘Pe V iDCm
Tele5+1‘ w
Inertia Electrical
o+ system Ewr
O g
Tpstl ﬂ Power
Aerodynamics | Pitch system Drive train Generator converter

Figure 4.3: The simplified model of wind turbines electrical and mechanical
systems.

Finally, the electrical power obtained from the generator can be divided by
the DC bus voltage in order to inject current into the DC link of the con-
verter, according to Equation (4.1). Thus, the generator side converter can
be modeled.

P,
Ewr

LDCm = (4.1)
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4.3 Simplified model of a full power converter wind turbine

Moreover, the dynamic model of the wind turbine DC link shown in Figure
4.2 can be defined as

iDCm
dEWT_ 1 1 1 Ewr (4 2)
dt ~ LCwr Cwr Cwr Rep—wt ’
tDCI

where Eyyr is voltage of DC bus, Cyyr is the capacitor of wind turbine DC
bus, ipcom is DC current injected by the machine side converter, ipc; is the
current through the DC side of the GSC converter and R.j,_.: shows the
resistance of DC chopper in DC bus.

4.3.1 Aerodynamic model of the wind turbine

The mechanical power generated, F,,, depends on a power coefficient, C),, and
kinetic energy in the air passing across an area swept by rotor blades, Py ind
[57]. In fact, the value of this extracted aerodynamic power can be calculated
as [57]

1
Py, = Cppwind - §CPpA’U3 (43)

wind

where p is the air density, A is the area swept by the rotor blades and vyinqg
is the wind speed. The power coefficient C, which is a function of the tip
speed ratio A and the blade pitch angle ¥ can be achieved as

1
Cp(N\,0) = Cl(CQK — 3t — 9 — 06)6_67% (4.4)

where [c;...c9] are the wind turbine power coefficients and A is defined as

1 1 C9
g — 4.
A A+cgd 1493 (4.5)

The relation between the rotational speed of the wind turbine w; and the
average wind speed can be described as the tip speed ratio A

th

Vwind

A= (4.6)

where R is the turbine radius.
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Through the differentiation from Equation (4.4) and solution of its roots, the
computation of the maximum efficiency of a wind turbine is possible. For the
sake of facility, the pitch angle of blades is considered as a constant value
of ¥=0. Therefore, the optimal value of the power coefficient Cp” " can be
deduced as follows

_ceerter
c1C€e €2
Pt = ———— 4.7
: ~ (@)
Moreover, the optimum tip speed ratio for the calculation of Cg¥ is
1
)\opt = (48)

C 1
Cg+£+g

Therefore, in order to maximize the energy extraction from the wind, the
tip speed ratio should be kept at A,p;.

4.4 Control system of full power converter wind
turbine

To regulate a wind turbine, two controller types are required: the mechanical
and the electrical control system. Each of the power converters of the wind
turbine, MSC and GSC, contains a classic vector control that acts as the
electrical controller. The structure of the GSC control, as shown in Figure
4.4, consists of an inner loop and an outer loop. The outer loop comprises
only a DC voltage controller and is responsible for DC bus voltage regula-
tion. This voltage loop is controlled by means of a proportional-integral (PI)
regulator and provides the current reference for the inner current control
loop. The AC voltage controller is eliminated in the outer loop of the wind
turbine GSC converter in order to avoid the confluence of the aforemen-
tioned controllers operation with that of the AC voltage control system of
the offshore HVDC converter [37]. Moreover, to orient the control system
with grid voltage, a Phase Locked Loop (PLL) is used in the GSC. In the
power converter of the machine side, only DC current is injected to the DC
link, corresponding to the power generated by the wind turbine and the DC
bus voltage. The mechanical control of the wind turbine includes a pitch
system. This control system diminishes the power captured from the wind
when the power is above the nominal level. The pitch system has the slow
dynamics. Hence, a DC chopper is implemented in the wind turbine in or-
der to dissipate the power in case that power reduction through the pitch
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Figure 4.4: Control scheme of the wind turbine.

controller is not possible. Further details about the DC chopper, DC voltage
controller and inner loop can be found in Chapter 3.

4.5 Simulation results

To evaluate the performance of the simplified model and the wind turbine
control system, a simulation is carried out using MATLAB/SIMULINK soft-
ware. The scheme of the simulated system is shown in Figure 4.3. The char-
acteristic parameters of the wind turbine used in this simulation have been
presented in Table 4.1. The wind turbine considered is based on Areva M5000
model.

Figures 4.5 (a)-(d) show the wind speed, the mechanical power, the mechan-
ical power controlled by the pitch controller and the electrical power, respec-
tively. It can be seen that the mechanical power varies along with changes
in wind speed. Also, this power extracted by the turbine can be limited
through a pitch system, when it exceeds the nominal value, as illustrated in
Figure 4.5 (¢). The electrical power generated by means of the machine that
reflects the wind speed variations and dynamic behavior of the drive train
and PMSG is indicated in Figure 4.5 (d).
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Table 4.1: Wind turbine characteristic parameters

Parameter Value  Units Description
R 58 m Turbine baldes radius
p 1.225  kg/m? Air density
Jwr 1.7 S Inertia time constant
) 0 ° Pitch angle of rotor blades
Tele 0.01 S Electrical time constant
Tp 0.17 S Pitch time constant
Wnom 14.8 min~! Nominal speed
C1 0.5 1
ca 116 1
C3 0.4 1
Cq 0 1
Ccs 0 1 C) function parameters
Cg 5 1
cr 21 1
8 0.08 1
o 0.035 1
Aopt 0.411 1 Optimum tip-speed ratio
oot 8 1 Optimum power coefficient
Pyr 5 MW  Nominal power of wind turbine
vr/ Up 3.3/33  kV Nominal transformer voltage
P.onw 5.6 MVA Nominal converter power
Ewr 6 kV Nominal DC voltage
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Figure 4.5: The performance of the simplified model for various wind speeds.
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As shown in Figures 4.6 (a) and (b), the DC bus voltage is stable due to
the utilization of the DC voltage controller in GSC, whereas the AC current
value of GSC varies on the basis of the produced power.
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Figure 4.6: Evaluation of the current of GSC converter and DC voltage.
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Chapter 5

Transformer inrush current in HVDC
systems

This chapter will describe the state of the art of transformers inrush cur-
rent, the impact of the inrush current phenomenon on the HVDC system, the
techniques applied for inrush current limitation and the requirement for
a novel reduction strategy in HVDC transmission systems. Finally, it will
present a transformer model considering magnetic core effects for inrush
current investigation.

5.1 Introduction

The security and reliability of the offshore HVDC grid in operation un-
der different condition is important. One of the challenges related to power
transmission in HVDC systems is transformers inrush current during ener-
gization and restoration after fault removal. Tripping the HVDC converter
and disturbing HVDC power transfer can be the outcome of these high in-
rush currents [58, 59]. Transient magnetizing currents or the selfsame mag-
netizing inrush currents are generated by the iron core saturation of the
transformer. These currents are one of the significant abnormalities in trans-
formers as well as their amplitudes are generally several times the nominal
current. The first inrush current was observed by Ferranti when commis-
sioning the Deptford to London 11 kV link in 1890 [60]. For more than 100
years, these transformer inrush currents have caused some difficulties, such
as the malfunction of protective relays and power quality reduction of the
network [17, 60]. Hence, knowledge of transformers behavior under normal
operation and transient cases is a requirement for the reliable and stable
performance of transformers protection devices [61, 62]. Thus, the possibil-
ity of achieving this knowledge could be provided by transformer modeling
which is a vast topic. Therefore, in order to study inrush transient behavior
of transformers during the energization and recovery modes, some represen-
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tations have been proposed.

These models used for transformers transient are classified as: Matrix model
(BCTRAN model), Saturable Transformer Component (STC) model,
Topology-based model (Duality based model and Geometric model), Mod-
el based on a T-equivalent circuit and Model based on a m-equivalent cir-
cuit [63, 64].

These models deal with the main problems, such as, the lack of information
about parameters, modeling of hysteretic iron-core, modeling of winding
losses, adequate modeling of transformers behavior in complete saturation
and determination of the residual fluxes in order to investigate inrush tran-
sients. In this chapter, a simplified model of a three-phase transformer is
presented to show the non-linear behavior of transformers under transient
condition. The suggested dynamic model, which is based on a T-equivalent
circuit, represents in detail the non-linear magnetic core. In fact, an ap-
propriate representation for the nonlinearity of the magnetizing branch is
proposed in which the saturation characteristics of the core are estimated
by means of a piecewise linearization method. Based on this model, the
non-linear differential equations defining the transient behavior of the mag-
netizing branch can be solved easily, and finally, yield results in reasonable
simulations.

Furthermore, due to the importance of the power grids reliability and stabil-
ity in the electric industry, transformer inrush current reduction has attract-
ed researchers attentions. Over the past decades, many techniques for trans-
former inrush current control have been proposed, based on the idea that the
magnetizing current is dependent on various operating conditions [65]. How-
ever, the application of these techniques in HVDC transmission systems has
drawbacks such as high costs, high losses and slight reliability [66, 67, 68, 69,
70]. Moreover, the reduction of the transformer inrush current in HVDC sys-
tems using a pre-insertion resistor has been suggested in Literature [19]. This
method, applied for the inrush current decrement in the energization pro-
cedure of the doubly-fed induction generator offshore wind farms connected
to Modular Multilevel Converter (MMC)-HVDC system, has disadvantages
such as high costs and losses. Therefore, due to the importance of HVDC
operation during the inrush transient period, a better scheme is needed to
overcome these problems. Therefore, this thesis proposes a strategy based
on transformers voltage ramping in order to minimize the inrush current
within the energization and restoration of transformer and improve power
quality.
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5.2 Transformers inrush current

In power systems, transformers manifest themselves as non-linear elements
due to the magnetizing characteristics of the iron core during the tran-
sients. For this reason, the inrush transients can take place and endanger
the HVDC system operation. These inrush currents are generally catego-
rized into three different groups: recovery inrush current, sympathetic in-
rush current and energization inrush current. The recovery inrush current
takes place when the transformers voltage is restored after removal of short-
circuit in the system. The sympathetic inrush can occur when two or more
transformers are operated in parallel. In addition, the energization inrush
current is the most common form of inrush current [71] and results from the
switching-on of a transformer which has been previously de-energized. This
current, including the highest current magnitudes, is analyzed in detail be-
low.

Transformers energization in offshore power systems usually results from
connecting a HVDC converter to a transformer under the no-load condi-
tion. When energization occurs, the voltage across the high voltage winding
of the transformer will experience an abrupt change. Therefore, a magnetic
flux in the core equal to the integral of the induced voltage is created [17, 18]
and is added to the residual flux. A brief description of the residual flux has
been provided in Appendix B.

When the polarity of residual flux is in the direction of flux produced af-
ter transformers switching, the whole flux can exceed the saturation knee
point of the iron core. Therefore, the transformers core will be driven into
the saturation region and the transformer winding will operate as a winding
with an air-core. Consequently, the inductance of the transformer winding
is rapidly reduced to the percentage of its normal value and hysteresis and
eddy losses will also be negligible. Due to flux saturation in the magnetic
core, the transformer will draw a large magnetizing current from the sup-
plying network to be able to maintain the magnetic flux in the core. This
current is known as energization inrush current [66, 72].

This energization inrush current rises suddenly to its maximum level in the
first half cycle after the transformers switching-on and thereupon, it fades
slowly [73]. Each cycle of this current is also composed of a steady-state
component and a transient component. The first one is governed by the
used voltage and air-core impedance of the excited winding and the second
one derives from the saturation of transformers core [72].
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5.2.1 Effects of different factors on inrush current

During the energization of the no-load power transformer, the magnitude,
waveform and time duration of the magnetizing inrush current drawn by
the transformer are generally influenced by parameters of the power net-
work supplying the transformer and by the characteristics of the trans-
formers design (i.e., the structure of transformers and magnetic effects of
transformer core) [60, 74]. These two factors are the phase angle of applied
voltage at the moment of the transformers energization (i.e., switching an-
gle), the impedance of the power system [65, 75|, transformers size, core
material, winding connections in three-phase transformers [65, 75] and the
magnitude and polarity of the residual flux stored in the transformer core
at the instant of energization, ¢,, [60, 66, 67, 76, 68, 77].

Depending on the combination of the foregoing parameters, the worst-case
scenario of inrush current can take place. This case includes the highest peak
current which will usually appear in the first period after the transformers
magnetization [78]. Hence, these mentioned parameters are briefly described
in the following sections.

A: Switching angle:

One of the important parameters determining the amplitude of the peak in-
rush current is the point on the voltage wave at the moment of transformers
switching-on or the switching angle 5 [66, 77, 79]. This switching angle can
be obtained based on Equation (5.1) [79]

-maac - ¢’/‘ - ¢5at

1
8 = arccos -
i ®n

i = m (5.2)

AV R2 =+ (CL)Lsat)2

~1 (5.1)

where i,,4, indicates the peak inrush current, ¢ states the amplitude of the
steady-state current for the saturated transformer, v, is the magnitude of
the source voltage, L, is the winding inductance during the saturation, R is
DC resistance of the energized high voltage winding, ¢, is the nominal flux
of the winding, ¢4+ and ¢, are the saturation flux and residual flux, respec-
tively. The description of the fluxes can be found in Appendix B.

When the energization of the transformer takes place at the zero point on
the voltage wave (8 = 0°) and the transformer has positive residual flux, the
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maximum inrush current will be reached in the high voltage winding. There-
fore, this can be called as the worst-case scenario in the energization of the
transformer [75, 80].

In addition, the transformers energization at a maximum point on the ap-
plied voltage waveform (8 = 90°) leads to the minimum inrush current [1,
75].

B: Impedance of the supply circuit:

During energization, impedance between the transformer and the supply
source affects the amplitude of the voltage at the transformers terminals.
Hence, the magnitude of the peak inrush current is influenced by this source
impedance. Namely, an increment in the source impedance leads to a reduc-
tion in the peak inrush current [81].

C: Transformer power (MVA):

The magnitude of the peak inrush current depends on the MVA size of the
transformer. On the other hand, small power transformers provide higher
amplitude of peak inrush current compared to larger transformers with the
same core material [75].

D: Core material:

A transformer core saturated during the inrush phenomenon is constructed
from laminations. These laminations are thin strips of high-grade electrical
steel and are electrically isolated by a thin coating of insulation. The flux
density of the steel, the design of the core and the connection method used
for the laminations to create the core section influence the magnitude and
duration of the magnetizing inrush current.

Over the last few decades, there have been some changes in transformers de-
sign [75]. Nowadays, some transformers are designed using high-permeability
(High-B) electrical steel (e.g. H & D materials) in order to provide more
consistent grain orientation. This feature in turn results in a greater satura-
tion flux density, a bigger linear portion of the magnetization characteristic
curve and a smaller level of residual flux density in comparison with the
conventional grain-oriented electrical steel type materials (e.g. R materi-
al) [75]. Therefore, transformers with these core materials, namely modern
transformers, have lower magnetizing inrush currents [75].

E: Residual flux:
The residual flux within the transformers core causes changes in the inrush
current changes. The level of this flux that remains in the transformers core
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depends on the instant of transformers de-energization and can be within the
range —1pu to +1 pu. When a transformer is energized at the zero point of
voltage, the inrush current increases or decreases with regard to the polarity
of residual flux [80]. Further details about the residual flux can be found in
the Appendix B.

F: Winding connection type:

For a three-phase transformer of power system, the propagation of the in-
rush current in one phase to the other phases is dependent on the coupling
type of transformers windings and the grounding of transformers winding
with star (Y-) connection. Due to the presence of full inrush current in the
Y-connected primary winding, the line current will be increased, whereas the
reduction of line current can be illustrated in A-connected primary wind-
ing. The reason of this fact can be crossing inrush current in the other phases
of A-connected winding [71, 75].

5.2.2 Magnitude, waveform and time period of inrush current

The magnetizing inrush currents are frequently generated during the pow-
er transformers energization. The severity of the first peak inrush current,
which is influenced by numerous factors, such as the residual flux, voltage
angle, etc., may attain many times the nominal magnetizing current of the
power transformer. For this reason, this current can be mistaken with a
short circuit current and lead to the trip out overcurrent and differential re-
lays. Hence, the accurate calculation of the amplitude of the inrush current
is important for the design of protective systems of transformers [65].
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Figure 5.1: Inrush current waveform for one phase of the HVDC transformer.
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The waveform of the magnetizing inrush current is non-symmetrical. For
this reason, this current has high order harmonics and DC component which
makes power quality decrease [60]. A typical inrush current waveform is il-
lustrated in Figure 5.1. The DC component and even harmonics of different
magnitudes can be easily seen. It should be noted that the DC component
and the current waveform decrease along with time.

The magnitude of inrush current is not a constant quantity, but it changes
with time and decays slowly after several minutes [81, 82]. Therefore, this
current can take along time to reach its steady-state value. The attenuation
time of inrush current depends on the impedance of the circuit including the
impedance of the system connected to the transformer, as well as that of the
transformers winding and magnetizing impedance [81]. Due to the nonlinear
effect of transformer magnetization inductance, the calculation of the decay
rate using a L/R time constant is very difficult.

5.2.3 Inrush current harmonics

The transformer is a harmonic current source. The energization of the trans-
former will produce a magnetizing inrush current which includes all harmonic
components and a DC component [60]. The harmonics of the transformer
inrush current generally decay when this current fades to the steady-state
mode [60]. The second harmonic content of this current is a significant order
of harmonics and is also dependent upon the magnetizing characteristic of
the core. In fact, its value becomes higher when the saturation flux densi-
ty, Bsat, is smaller. Moreover, current corresponding to the second harmonic
order is usually applied to distinguish inrush currents of power transformer
from fault currents, so as to restrain the operation of the transformer differ-
ential protection during energization.

5.3 Impacts of transformer inrush current on the
HVDC system

Transformer inrush transient can influence the operation of the HVDC trans-
mission system and threaten the stability of this grid. In fact, the function
of the HVDC converter can be interrupted through converter protection
due to current saturation as well as transition of the HVDC power can be
delayed. Moreover, this large transient current, which is rich in terms of
harmonic content and contains a high direct current component, can result
in the unexpected tripping of the transformers protective devices and con-
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sequently, it can lead to failure of the transformers energization or recovery
operation.

Furthermore, insulation failures in power transformers which are energized
under no-load condition or are restored after fault clearance are hazardous
effects of the inrush current [66]. In addition, the presence of drastic elec-
tromagnetic stresses provided by the magnetizing inrush current alleviates
power transformers life time [68].

5.4 Reduction strategies of transformer inrush current

Considerable inrush current in the power transformer can occur due to the
magnetic saturation resulting from a sudden change in the transformers
voltage. In order to limit the magnetizing inrush current magnitude, several
technologies have been rendered by researchers, which can be classified as:
pre-insertion resistor, controlled switching, neutral resistor with sequential
switching, reduction of residual flux and prefluxing [67].

The most prevalent techniques among them are controlled switching and pre-
insertion resistors. However, the transformer controlled switching method
needs the value of residual flux in transformer core, it is more econom-
ical and reliable than the pre-insertion resistors [83]. The reason is that
the pre-insertion resistor method needs to install large resistors [84]. There-
fore, the present section will explain the available technologies for inrush
current diminution.

5.4.1 Pre-insertion resistor strategy

One old method for the reduction of the energization transients in trans-
formers is the pre-insertion resistor scheme. In fact, this technique is based
on the temporary insertion of a relatively large resistor in series with the
circuit when the transformer is switched on. Consequently, using this strat-
egy, voltage collapse can take place across the pre-insertion resistor and the
decrement of transformer windings voltage and the core flux can also result
from this [85]. Finally, the inrush current can be decreased.

Although this technique is simple and leads to inrush current reduction, it
has two disadvantages: the excessive loss and the considerable cost to up-
grade the breakers [17, 69, 70].
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5.4.2 Controlled switching strategy

Controlled switching technology is mainly designed to decrease transformer
inrush currents at the moment of energization and to prevent power quality
degradation. This much more flexible method switches on the transformer at
the optimal point on the voltage waveform to be able to suppress transient
inrush currents [86].

If the appropriate time for transformer energization is at the peak of the
voltage waveform, reduction of the transient flux caused by the transformer
core and consequently inrush current are certain. However, transformer ener-
gization at the zero point on the voltage waveform can lead to the generation
of a peak inrush current [69].

Therefore, there are three various strategies for controlled energization of
the transformer that are discussed below. In these techniques, the closing
instants of circuit breaker poles are controlled and performed in an adequate
sequence [66, 68].

A: Rapid closing strategy:

The function of this methodology is to close one phase first and then the
other two phases during a quarter cycle to minimize the inrush current and
to improve power quality in the power system. The main shortcomings of
this approach are the need for residual flux information in all phases and
the independent regulation of circuit breakers, which are necessary to fulfill
this closing process [66, 68].

B: Delayed closing strategy:

This closing technique implies to energize one phase in the beginning and to
delay the switching of the two remnant phases 2-3 cycles later. The require-
ments of this strategy are the data of the residual flux just in one phase and
the independent control of circuit breaker [66, 68].

C: Three phase simultaneous closing strategy:

This strategy has proved to reduce the magnetizing current by simulta-
neously closing all phases at a proper polarity and amplitude of residual
flux. Thus, the information regarding the residual flux of all phases is im-
portant in this method.

The application of this strategy is limited to cases where the residual fluxes
are equal to zero in one phase and have high values in the other two with
opposite polarities [66, 68].
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5.4.3 Neutral resistor with sequential switching strategy:

A proposed approach for reduction in the inrush current is sequential ener-
gization with a neutral resistor, as shown in Figure 5.2. This method involves
a combination of a grounding resistor at the neutral point of the energizing
transformer and a sequential switching strategy [1, 87]. The basic princi-
ple for the restriction of the inrush current in the referred technique is the
establishment of some damping in the inrush currents by means of the neu-
tral resistor. The reason for this is the unbalanced flow of these currents in
different phases. Hence, in this method, each of the transformer phases is
sequentially switched on and the neutral resistor will be connected in se-
ries with the switched phase. Thereby, the reduction of the induced voltage
across the energized winding occurs. Consequently, it can be stated that the
performance of the proposed technique is similar to that of the pre-insertion
resistor technique [1, 87]. In view of the fact that the diminution in trans-
former transient current is a function of the size of the neutral resistor, an
appropriate choice of this resistance value can considerably decrease the peak
inrush current [1, 87].

Three-phase breakers
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Figure 5.2: Scheme of neutral resistor with sequential switching strategy [1].

Compared to the pre-insertion resistor scheme, its simplicity and much more
cost-effective, due to the existence of only one resistor, are the main advan-
tages of this technique. However, the proper selection of the resistor size
for optimal operation has not been completely solved and this methodol-
ogy is limited to star grounded connected transformers and some specific
non-earthed star connections [1, 87].
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5.4.4 Residual flux reduction strategy

The phenomenon of transformer inrush current can be mitigated via the
reduction of the residual flux in the core of the transformer. This implies
that the magnitude of the residual flux in the transformer is one of the main
parameters affecting the inrush current amplitude. Therefore, decreasing the
amount of residual flux can reduce this current. The value of residual flux
can be decreased using a capacitor mounted on the primary side of the
transformer or using a low-power ultra-low-frequency voltage source [81].

5.4.5 Prefluxing strategy

Another strategy for inrush current reduction is the regulation of the trans-
former residual flux at a high amplitude and desired polarity and then, the
transformer energization at an optimal point on the system voltage wave in
accordance with the polarity of the residual flux. Hence, this process is called
pre-fluxing technique [66, 2]. On the other hand, the pre-fluxing technique
is implemented to feed some DC flux first, before transformers switching-
on, so as to make inrush current reduction possible with closing circuits
breakers [66, 2].

To primary conductor

Line isolator
[ ]
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Cpf e Vcap

Line isolator

To ground connection

Figure 5.3: Prefluxing device [2].

The main benefit of this scheme over the other decrement schemes is that
the pre-fluxing device (capacitor) adjusts the transformer flux to the desired
value and consequently, it can make the transformer residual flux informa-
tion unnecessary. The pre-fluxing device, which has a simple construction,
only acts within the isolation term and afterwards, it is disconnected from
the AC network according to energization. This results in another advantage
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over the methodology of the pre-insertion resistors [66]. Figure 5.3 illustrates
the prefluxing device.

5.5 No application of inrush current reduction
strategies on HVDC systems

The mentioned techniques for inrush current minimization depend on factors
such as the switching instant of the Circuit Breaker (CB), data or compu-
tation of the residual flux in the transformer core, installation of large resis-
tances, the connection type of the winding, the appropriate choice of resistor
size and the model for CBs switching control. Therefore, the application of
these schemes for inrush current reduction in HVDC systems entails higher
costs, higher losses and more complexity.

Hence, due to the importance of the correct operation of the HVDC transmis-
sion system, especially the power converter, during energization and restora-
tion of the power transformer as well as the economic and technical issues of
the system, a simpler, highly efficient and more cost-effective technique to
limit inrush current is required. This thesis proposes a new method called
Voltage Ramping Strategy (VRS). The implementation of this proposed
method is easier due to the fact that information of transformer parame-
ters is not needed. In addition, the basic principle of this approach is the
creation and regulation of ramp in the voltage across the transformers wind-
ing connected the power converter. Therefore, this strategy is implemented
in the AC voltage controller of the HVDC converter in order to achieve
lower inrush current and ensure that there is no interruption of the HVDC
converter during inrush transient.

5.6 Dynamic model of transformer

The most common representation for a three-phase two-winding transformer
which had been proposed by Steinmetz in 1897 is model based on a T-
equivalent electric circuit [63].

This classical transient representation that considers winding connections
(e.g., Y-Y or Y-A) and transformer losses is applicable to transformer tran-
sient studies. In other words, the transformer behavior during the energiza-
tion of its iron core can be modeled by using a T-equivalent circuit. Since
three-phase transformers applied in HVDC transmission systems are com-
monly constructed through three single-phase transformers with Y-connec-
tion on its primary side and the inrush current in each of the phases is
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different [88], the T-model is represented by the composition of three sep-
arate single-phase units containing the efficacy of the magnetic core satu-
ration [89]. In addition, the saturation of the core is modelled by a current
source in this scheme [73]. The topology for electrical equivalent circuit of a
two-winding transformer is illustrated in Figure 5.4.

brmer

Figure 5.4: T-equivalent circuit model of a two-winding transformer.

In order to establish the T-model for a single-phase transformer, two main
components, windings and the iron core, must be considered. Therefore, the
winding resistances and leakage inductances, are defined for the transformer
primary and secondary windings. The iron core behavior can be also modeled
by means of a parallel excitation branch which is a parallel combination of a
linear magnetizing resistance and a non-linear inductance, R,,; and Ly,;, re-
spectively [63, 90, 91].

The R,,; and L,,; indicate the core losses and the magnetic core satura-
tion. Consequently, the iron core presents the non-linear behavior during
the analysis of the transformer transients [91].

A model of three-phase two-winding transformer with a Y to ground- A
connection can be derived from the electric circuit diagram shown in Figure
5.5.
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Figure 5.5: Electric circuit diagram of a three-phase two-winding trans-
former with a Y to ground-A connection [3].

5.6.1 Modeling of transformer primary winding

For the transformer primary windings, R,; and L,; present the winding re-
sistance and leakage inductance for each of the transformer phases. These
resistances and leakage inductances are linear [90]. The state equation de-
scribing the primary side of a three-phase transformer in Figure 5.4 can be
expressed as follows [3]:

dej

Pi gy (5.3)

Upj — epj = Rpjipj + L
where j denotes the corresponding phase, v,; and e,; show the primary
terminals voltage and the voltage induced in the primary winding, respec-
tively. The e,; differs from v,; due to the voltage drop across the winding
resistance and the leakage reactance and it also lags the main flux by 90°. The
ipj represents the current in the primary windings.

Applying Laplace transform to Equation (5.3), the following formula can be
written.

. 1 .
tpj = ?pj[”pj — epj — Rpjip;] (5.4)

Based on Equation (5.4), a block diagram for the transformer primary side
can be shown in Figure 5.6.
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Figure 5.6: Block diagram for the transformer primary windings.

A

Furthermore, according to the equivalent circuit of Figure 5.4, the current of
the primary side, i,;, will consist of the excitation branch current, i¢sc;, plus
the current component of the secondary winding, 5, [90]. So,

ipj = lsj + leacj (5.5)

5.6.2 Modeling of the iron core

Power transformer modeling considering iron core effects is an important is-
sue to analyze the inrush current transients during transformer exciting and
recovery. The reason for this is that the flux in the magnetic core reaches
the limit of the saturation flux and consequently, leads to the saturation of
the core. Then, this saturation influences the magnetizing current and final-
ly, concludes to occur the inrush current. Hence, the transformer model must
take into account the effect of the core saturation at the time of transformer
energization and recovery. This is not enough for the model of the core, the
consideration of the core losses composed of hysteresis and eddy-current
losses is also required. In general, the representation of the transformer will
be more practical due to the implementation of these impacts, however it
becomes more wrapped [91].

Therefore, the iron core presents a non-linear behavior during the trans-
former transients due to the effects of saturation and losses of the trans-
former core. Hence, the non-linear operation of the core can be modeled in
three methods: [92]

a) Linear resistor and nonlinear inductor.
b) Nonlinear resistor and nonlinear inductor.

c¢) Linear resistor and nonlinear hysteresis inductor.

In order to study inrush current transient, the method (a), which includes
non-linear inductance (L,,) and linear resistance (R,,), is more commonly
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applied to model the non-linear iron core of transformer, due to its simplici-
ty. In this method, the R,, and L,, are the core losses and the magnetic core
saturation, respectively [92]. Moreover, the core model, as shown in Figure
5.4, is interfaced with a point of the T-equivalent circuit that the integral of
the voltage is identical to the flux of the core [91].

According to Figure 5.4, current in the excitation branch, 7c..;, is computed
as follows [90]:

iewcj = 2Aij + iLmj (56)

where ipp,; and ir,,; denote the core losses and magnetizing currents, re-
spectively.

In the representation of the transformer core, the magnetizing branch in-
dicating core saturation can be modeled by a current source [60, 73], as
illustrated in Figure 5.7. The magnetizing current presented by this current
source depends on the total flux of the transformer core. In general, the total

|excj Iij ° Iexcj

ILmj ILmj IRmj
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e
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Figure 5.7: Equivalent model of a nonlinear inductor.

flux, ¢;, results from the sum of the integral of the induced voltage across the
magnetizing branch, e,;(t), and the residual flux remained in the core, ¢,;, [3].
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5.6 Dynamic model of transformer
Thus,
bi() = / ens(B)dE+ 6, (5.7)

In addition, the mentioned flux can be obtained based on the following ex-
pression [93]

¢j(t) = Linjirm;(t) (5.8)

Substituting for ¢;(t) in Equation (5.7), based on Equation (5.8) and taking
Laplace, the following relation can be deduced for the magnetizing current.

1 1
iLmj(s) = T[;epj + ¢rj] (5.9)

mj

where L,,; shows the magnetizing inductance. The magnetizing current is
in time phase with its associated flux to excite the core. The block diagram
of magnetizing current is shown in Figure 5.8.

epj—> i —+>O—> 1 —»iLmj
+ Lmj

D,

Figure 5.8: Block diagram of the magnetizing current.

For transformers with connection of Y-Y, the current of the magnetizing
branch in each phase, ir,,;, can be obtained through the reduction of the
component of the core loss current, igy,j, from the primary winding cur-
rent, ip;, on the basis of Equations (5.5) and (5.6). Thus,

iLmj = Ipj — LRmj (5.10)
It should be noted that in transformers with configuration of Y-Y, the cur-
rent in the secondary windings is equal to zero [90].
The theorem of the magnetizing branch current in Y-A connected trans-
formers is quite different. Figure 5.9 shows the equivalent electric circuit of
a Y-A connected transformer which is excited from the star side.
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Figure 5.9: Equivalent electric circuit for a Y-A transformer [3].
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5.6 Dynamic model of transformer

Under no-load normal operation state, the transformer secondary terminals,
which are in delta configuration, are not connected to the load. Therefore, the
induced voltages across the windings with delta connection become almost
balanced and the delta winding current can be considered zero [90].
However, when the three-phase transformer is energized, an unbalance may
arise in the induced voltage. This implies that a high voltage collapse will
take place in the leakage impedance of the primary winding. Hence, the un-
balance of induced voltage results in the creation of a current in the delta
winding [90].

Based on the T-equivalent circuit and supposing the secondary windings
with delta connection, the computation of magnetizing current is as fol-
lows [90]:

1Lmj = tpj — IRmj — ldelta (5.11)

The current of delta winding, 7444, is related to the rate of flux changing.

A: Modeling of non-linear inductance:

Changing the non-linear magnetizing inductance, L,,, shows the essential
feature of the iron core during the transformer energization and restora-
tion, namely saturation and non-saturation of the transformer core [93]. This
inductance can be defined using the curve of magnetizing characteristic, mag-
netic flux versus magnetizing current, (¢ — i). The slopes of this magnetic
curve represent the core magnetic inductance at the non-saturation and sat-
uration modes [60, 73, 78, 93, 94].

Figure 5.10 shows the curve of magnetizing characteristic. During the steady
operation of transformer, no saturation occurs in the magnetic core, namely
<sqat, and the value of magnetizing current is low. Thus, in this mode, the
core magnetizing inductance is located in the linear segment of the magne-
tizing characteristic curve and its content becomes equal to a stable value,
Lnonsat [93]

However, when a transformer is switched on, the core flux exceeds the satu-
ration flux, namely ¢>@dqq¢. Hence, the transformer core is driven into satura-
tion and the inrush current will be generated, which results in the variation of
the magnetizing inductance. On the other hand, the periodic saturation and
non-saturation conditions of iron core in the transformer appear during the
inrush current phenomenon. Therefore, the core saturation and the severe
non-linear of the core lead to the variation of the magnetizing inductance of
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Figure 5.10: Magnetizing characteristic curve of a transformer.

the core from the linear region of the curve towards the non-linear region of
curve. In fact, the value of this saturated core inductance will change from
Lyon—sat t0 Lsq; and subsequently, the magnetizing current becomes larg-
er [93].

According to the air-core theory, the transformer iron core shows a behavior
similar to that of the air with permeability pg when the complete satu-
ration of core is achieved [78]. Consequently, the amount of magnetizing
inductance, Lgq:, will be close to the air-core inductance value, depend-
ing on the saturation level. So, in case of saturation, it can be concluded
that Lyonsat>Lsat [78, 93].

The magnetizing inductance calculation in the nonlinear region, Lg,¢, needs
the detailed knowledge of the core and the structures of windings. Since this
data is not always available and the accurate estimation of the magnetiz-
ing inductance dependent on the core flux is really difficult, the non-linear
inductance of the transformer core can be represented using piece-wise lin-
earization of the non-linear characteristic curve, (¢ — i) [92].

Therefore, in this study, the magnetizing characteristic curve of transformer,
(¢p—1), can be represented by a two-slope piecewise linear inductance. Name-
ly, the inductance is characterized by two segments, Ljonsqar and L.

The two-slope magnetizing curve shown in Figure 5.11 is described by mag-
netizing currents, iz, = [iLm1, iLm2, @ ng]T, and magnetizing fluxes, ¢; =

[bi1, Djo, bya]” [92).
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Figure 5.11: Two slope saturation curve.

This model of magnetizing inductance based on piecewise linearization of
the non-linear characteristic curve is adequate to regulate the state-space
expressions showing the transient behavior of the transformer during exci-
tation or restoration.

The equation for magnetization inductance of the Ky, (k = 1,2) linear seg-
ment of the foregoing curve is as the following: [92]

o  drt1— ¢k (5.12)

dipm  iLmk+1 — tLmk

This Equation (5.12) is contingent on the situation of the operating region
and its value is identical to the slope of the Ky, linear segment of the mag-
netizing curve [92].

In order to determine the ¢ in Equation (5.12), the following formula is
applied:

Uk

Ph=—" (5.13)

where w is the angular frequency.
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B: Modeling of linear resistor:

In order to model of the Hysteresis and eddy-current losses of the magnetic
core, a linear resistance, R,;, is considered [91]. In fact, this resistance is
indicated with a fixed amount computed at the fundamental frequency of
the induced voltage [90]. The Equation (5.14) can be used to calculate this
linear component.

Ry = 2 (5.14)
1Rmj

where R,,; represents the linear resistance and ig;,; shows the eddy-current
of the respective phase.

5.6.3 Modeling of transformer secondary winding

Figure 5.4 shows that the transformer secondary windings are only com-
posed of the resistance, R,;, and the leakage inductance, L,;, at each phase.
According to the equivalent circuit of Figure 5.4, the generalized analytical
expression for the transformer secondary winding can be deduced as

di;

€sj = Vsj = Rajlsj + Loj—~

(5.15)

where v,; and ey; are the voltage at the secondary winding terminal and the
induced voltage in the secondary side by ideal transformer, respectively. Sim-
ilar to the primary side of the transformer, the applied voltage, v;, differs
from ey, in the voltage drop across the resistance and the leakage inductance
of the secondary winding, represented in Figure 5.4. The i,; represents the
secondary winding current.

+ + .
esj—>Q—> 1 . > 1

ij

Figure 5.12: Block diagram for the transformer secondary windings.

Taking the Laplace transform from both sides of Equation (5.15), the Equa-
tion (5.16) and the block diagram of Figure 5.12 can be obtained.
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. 1 .

Zsj = STsj[esj — ’Usj — stzsj] (516)
It should be mentioned that parameters calculation of the transformer equiv-
alent circuit are described in Appendix C.

5.7 Simulation results

In this section, the inrush current transient of the power transformer energiz-
ing through a HVDC converter has been simulated by MATLAB /SIMULINK
software. Here, the studied scenario is the inrush current analysis once the
voltage applied to the transformer primary side in phase-a crosses the zero
point, and the residual flux reaches the highest level. This mode produces
the largest inrush current, which is called worst-case scenario of inrush cur-
rent. Thereby, the dynamic model implemented for the transformer simula-
tion has been manually initialized to the residual fluxes of (+0.94 pu, -0.94
pu, +0.84 pu) for phases a, b and c, respectively. Figure 5.13 sketches a
simplified single-line diagram of case study. The characteristics of the trans-
former are summarized in Table 5.1.

E‘ _I @ R¢ L PCC iTLb,C h’ Rol Lol
i Cr Offshore
Veabe VTabc HVDC Vzabc
v Transformer

Load
Figure 5.13: Single-line diagram of the case study.

VSsC

5.7.1 Worst-case scenario of inrush current

Figure 5.14 indicates the inrush current of a 195/33 kV transformer and
the voltage applied on the high voltage side of the transformer for energiz-
ing. In this case of study, the HVDC converter connected to the transformer
is instantaneously energized and afterwards, the voltage at the transformer
primary side, vry, reaches a peak value of 159.22 kV at t=0, as shown in
Figure 5.14 (a). Hence, voltage amplitude becomes stable. It should be noted
that this value is kept constant by means of the AC voltage controller of the
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Table 5.1: Transformer specification per phase

Parameter Value Unit
Nominal voltage  195/33 kV
Nominal current  1036.3/6123.4 A
Nominal power 350 MVA
Frequency 50 Hz
R,/ Ry 0.326/0.028 Q
L,/Ls 0.0484/0.0041 H
R, 54321 Q
Connection Y, di1 -
Gsat ~1.25¢n, pu
o ~(40.94, -0.94, +0.84)¢,,  pu
converter.

The inrush current waveforms measured on the high voltage terminal of
the three-phase transformer are shown in Figure 5.14 (b). Regarding Fig-
ure 5.14 (b), it is obvious that inrush currents are higher than the rated
currents. Moreover, it can be deduced that the shape and magnitude of the
inrush currents depend on the voltage at the connection instant as well as
the assumed amount of residual flux. Also, the zoomed plot of inrush current
can be observed for a duration of 0.7s in Figure 5.14 (c).

In Figure 5.15, the magnetizing inrush currents, their zoomed view and the
envelope of inrush current peaks are displayed for each of the transformer
phases. These plots illustrate that the inrush current takes place when the
transformer is magnetized to its nominal voltage ( 195 kV) through instan-
taneous switching of the VSC.

Initially, it is assumed that the residual fluxes in the core contain the max-
imum values, (+0.94 pu, -0.94 pu, +0.84 pu) for phases a, b and c, respec-
tively and the transformer is energized at the instant that the voltage of
phase-a is crossing the zero. Thus, the inrush currents obtained from MAT-
LAB simulation are considered as a worst-case scenario. It should be noted
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Figure 5.14: Inrush current and voltage of a transformer under worst con-
dition. (a) The applied voltage at the transformer primary
side. (b) Inrush current of a transformer for time duration
15s. (c¢) Inrush current for time duration 0.7s.

that the steady-state case will appear after a long time.

As shown in Figure 5.15, the highest peak inrush current is related to phase-
a, the value of which reaches 1654.2 A in 4 millisecond after switching in
phase-a. This implies that a high value of residual flux and the switching
at the instant when voltage passes through zero influence the magnitude of
inrush current. The maximum values of inrush current for the other phas-
es, b and c are -824.52 A and -829.72 A, in accordance with the Figure 5.15.
Moreover, two other conclusions can be stated corresponding to the Figure
5.15. The first one is that the inrush current waveforms include large and
long lasting DC components. The second one is that the time necessary for
the inrush current to drop to 50 % of its maximum value (7509) is approxi-
mately 1.065s, 1.065s and 1.07s for phases a, b and c, respectively.
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Figure 5.15: Simulation results of transformer inrush current for each phase
during energization. (a) Inrush current of phase-a. (b) Zoomed
of inrush current for phase-a. (¢) Inrush current of phase-
b. (d) Zoomed of inrush current for phase-b. (e) Inrush current
of phase-c. (f) Zoomed of inrush current for phase-c.
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The voltage waveform at the transformer secondary side during energiza-
tion is demonstrated in Figure 5.16 (a). It can be observed that the voltage
level has been changed from 159.22 kV to 26.944 kV through transformer
relation. As shown in Figure 5.16 (a), there are small transients on the wave
shape of the secondary voltage that are caused by the inrush current phe-
nomenon which took place at the transformer primary terminal. It should
be noted that these transients can be mitigated by inrush current reduction
techniques.

The secondary current waveform of a three-phase transformer is also illus-
trated in Figure 5.16 (b). Current in each phase is approximately equal to
zero, because the transformer is energized in no-load condition. Moreover,
small fluctuations in the current waveforms can be seen due to the inrush
transients.
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Figure 5.16: Secondary voltage and current waveforms of transformer during
the energization. (a) The simulated voltage for 0.4s. (b) The
simulated current for 0.4s.

The total flux of the magnetic core for each phase during the first 50 cycles
is plotted in Figure 5.17. It can be seen that the total fluxes generated by the
excitation of the no-load transformer start from the residual fluxes 476.39
wb, -476.39 wb, 425.71 wb for phases a, b and c¢, respectively.
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Figure 5.17: Total flux of transformer for each phase.

The currents of core loss, core saturation and excitation branches for each
phase (irm, iLm and ieze) are represented in Figure 5.18. As shown, when
the transformer is energized, the whole current passes through the core sat-
uration branch, whereas a quite low current flows through the core loss
branch. Therefore, the excitation current will be almost the same as the
current of the core saturation branch. It should be noted that the flown
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current in the excitation branch can be neglected during the steady-state
condition.
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Figure 5.18: Currents of core loss, core saturation and excitation branches
for each phase.

Since the windings of the transformer on the primary and secondary termi-
nals are connected as Y — A, third-harmonic currents circulate within the
delta winding of the transformer. However, these currents, known as delta
currents, are preventing the flowing in the supply line. Figure 5.19 shows a
comparison between inrush and delta currents of an energizing transformer.
The harmonic contents variations of the transformers transient inrush cur-
rent with time for each phase are illustrated in Figure 5.20. The inrush
current of transformer includes all the harmonic components such as funda-
mental, second, third, fourth, fifth, etc. and a DC component. These harmon-
ic contents were obtained by means of a Discrete Time Fourier Transform
(DTFT). Figure 5.20 shows that, the most significant harmonic components
are fundamental and 2th order harmonics. For phase-a, their peak values are
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Figure 5.19: Comparison between inrush current of phase-a and delta cur-
rent.

665 A and 452 A, respectively. The fifth harmonic current has a maximum
value of nearly 61 A, nearly 7.5 times smaller than the second harmonic and
nearly 10.5 times smaller than the fundamental component. These harmon-
ics decay when the inrush current decays toward the steady-state mode. As
shown in Figure 5.20, harmonics with higher orders of 3 have discontinu-
ities. In other words, the peak values of these harmonics reduce to zero and
then, increase again.

5.8 Summary

Transformer inrush current is a transient response to the magnetization that
can exceed the nominal value of the transformer current and may be as in-
tense as a short-circuit current. This transient inrush current, which is rich
in terms of harmonics, has undesirable effects on the HVDC network. An
important drawback of this inrush current in HVDC systems can be the
disconnection of power converter, which can lead in turn to the interruption
of the operation of the HVDC system. Consequently, the reduction of this
current has become a main issue in the modern power industry.

Some technologies to limitat inrush current have been presented in this chap-
ter. The application of these techniques in HVDC systems entails difficulties
such as, requirement for the knowledge of residual flux, physical space re-
quirements, low reliability and high costs. Therefore, this thesis will propose
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Figure 5.20: Harmonic content present in inrush current of: (a) Phase-
a. (b) Phase-b. (c) Phase-c.

a novel approach in the next chapters which allows for the minimization of
the inrush current of the transformer during the system start-up and restora-
tion after fault clearance. Simulations have been carried out in order to show
the worst-case scenario of inrush current.
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Chapter 6

Energization inrush current reduction
by proposed voltage ramping strategy
during start-up and integration of
offshore wind farm

The main scopes for this chapter are to develop a strategy for HVDC trans-
former inrush current reduction and control the offshore platform voltage, in
order to provide a smooth start-up for offshore wind farm through the pow-
er converter of the HVDC transmission system. In addition, analysis of the
start-up procedure of the offshore wind farm as well as a comparison between
the performance of the proposed design and that of the system without the
reduction approach can be mentioned as further objectives.

6.1 Introduction

The start-up of offshore wind farms through the HVDC systems in a stable
and smooth mode is a significant issue. To achieve this target, there is the
HVDC technology based on the Voltage Source Converter (VSC). In fact, the
self-commutated VSC system can interconnect to the passive grid thanks to
its black start capability and it can also generate a stable AC voltage at
the offshore wind farm platform for start-up. This is due to the fact that
the power electronic devices are utilized in VSCs. Therefore, VSC-based
HVDC systems can facilitate the start-up of offshore wind farms and their
integration into the onshore AC systems [95].

Furthermore, to coordinate the start-up of the VSC-HVDC system and the
offshore wind farm system, a start-up procedure should be developed for
the whole system. During the start-up process, transformers available in the
power system, especially the HVDC transformer, will be switched-in and
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their energization often leads to the appearance of a large inrush current in
the power grid. These currents containing harmonics can cause the dynamic
overvoltages that lead to system instability. On the other hand, the voltage
quality of Offshore Platform (OP) may be affected by the inrush current
of the transformer in the HVDC system and the protection devices may
be tripped. Hence, the existence of a method is essential for energization
inrush current reduction of the transformer. A research work [19] has been
carried out in the field of transformers inrush current minimization before
the energization of doubly-fed induction generator offshore wind farms.
This chapter proposes a strategy, which is applied in the control system of
offshore converter in the VSC-HVDC grid, to limit the inrush current during
the transformer energization in the start-up process and also to improve
voltage quality at offshore platform. This method is called Voltage Ramping
Strategy (VRS) and is performed only for inrush current reduction of HVDC
transformer.

This study is organized as follows: Section 6.2 describes the configuration
of the offshore wind farm connected to the VSC-HVDC system, Section 6.3
analyzes the procedure of offshore system start-up and Section 6.4 introduces
the proposed system. Simulation results are represented in Section 6.5 to
prove the validity of the proposed method and finally, Section 6.6 draws the
conclusions.

6.2 Analyzed system

The system under study contains a VSC-HVDC power converter interfaced
with an offshore wind farm through an interface RLC filter and a power
transformer in Y,/A connection. The RLC filter composed of a series RL
branch and a shunt capacitor (cs) allows for the regulation of the HVDC
transformer and offshore platform voltages. The power converter, called off-
shore converter, maintains stable voltage at the offshore platform. Figure 6.1
shows a simplified schematic diagram of the offshore wind farm connected
to the offshore converter during the start-up condition.

The collection system for offshore wind farm is comprised several radial
strings which collect wind turbines power and deliver it to the offshore plat-
form. The radial strings are equipped with a number of wind turbines con-
nected to each other by submarine cables and injecting the power into a
33 kV offshore feeder [96]. This chapter takes into account only four wind
turbines from one string in order to facilitate the research on the offshore
wind
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Figure 6.1: Single-line diagram of the system under study.
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Chapter 6 Energization inrush current reduction of HVDC transformer

farm start-up.

Fach wind turbine is presented as a Permanent Magnetic Synchronous Gen-
erator (PMSG, 5 MW) connected to a step-up transformer of 3.3/33 kV via
the back-to-back converters (5.6 MVA). The wind turbines step-up trans-
former (WTT) is required to transform the generator voltage into the voltage
of the offshore feeder. The back-to-back converters are employed to allow
for the active power transmission under wind turbines start-up and nor-
mal operating conditions. The wind turbines converter that is confronted
with the offshore grid is called Grid Side Converter (GSC) and the power
converter faced with the electrical machine is called Machine Side Converter
(MSC). The GSC is equipped with a DC-chopper that limits the DC voltage
and dissipates the power that cannot be fed under AC fault condition [40].

6.3 Start-up procedure of an offshore wind farm along
with inrush current reduction

The successful start-up of the offshore wind farm, its integration into an AC
power network and the reduction of the HVDC transformer inrush current
during the start-up can be achieved by means of the following process. Al-
s0, the flowchart of Figure 6.2 presents the sequential steps of this procedure.

6.3.1 Step 1: Start-up of offshore converter

To start-up the offshore wind farm and integrate it with AC grid, the ener-
gization of the offshore power converter in the HVDC transmission system
is the first step. As the onshore converter is energized and the capacitors
of DC link will be charged, the offshore converter will be able to operate
under this DC voltage. Hence, the control system of offshore converter is
activated to establish a stable nominal voltage at the HVDC transformer
terminals as well as at the AC busbar of the offshore wind farm platform
after closing switch S;. The offshore converters controller actually provides
the constant reference voltage in the AC busbar for energizing the offshore
wind farm [95, 97].

In other words, when the offshore converter is energized in the beginning of
the offshore grid start-up procedure, the converter AC side is faced with an
open circuit and consequently, the active and reactive powers of the convert-
er are close to zero [97]. In fact, the reason is that the offshore wind farm
behaves like a passive load [98].
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Figure 6.2: Flowchart of the offshore wind farm start-up procedure.
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6.3.2 Step 2: Energization of HVDC transformer

The HVDC transformer is energized under no-load condition through the
offshore converter. Once the offshore converter controller is activated, an
abrupt voltage will induce across the high voltage terminal of HVDC trans-
former. This sudden increment of the transformer voltage may lead to trans-
former core saturation mode and consequently, the transformer will draw a
large magnetizing current from the supplying network. This considerable
current is named energization inrush current and its magnitude can reach
several times the HVDC transformer rated current. Thus, the HVDC trans-
former connected to the offshore converter is started-up along with large
inrush current, so that this current can affect the power quality of the off-
shore system and it also results in the inadvertent operation of protective
devices. Thus, in order to energize the transformer with the minimum value
of inrush current, a technique is required to design the control system of
the offshore converter. For this reason, a new method, called Voltage Ramp-
ing Strategy (VRS), is introduced in this chapter (Section 6.4). The main
objective of the proposed VRS is to restrict the HVDC transformer inrush
transience before offshore wind farm start-up. Also, this strategy is employed
only when the no-load transformer is being switched in.

6.3.3 Step 3: Energization of offshore AC busbar and feeder

After the transformer is energized and the voltage reaches the rated lev-
el, switch 57 is closed to energize the AC busbar of the offshore wind farm
platform. This implies that the offshore feeder will be switched on this way.

6.3.4 Step 4: Smooth start-up of the wind turbine

The first step of the wind turbine start-up is closing switch Sy after the
energization of the whole offshore feeder. Hence, the grid voltage suddenly
exerted to the high voltage terminal of the transformer can lead to the sat-
uration of the transformer core. Therefore, an inrush current can be drawn
by means of the wind turbine transformer. The inrush current amplitude of
the transformer is much lower than that of HVDC transformer. This indi-
cates that the voltage level and reactance of the wind turbine transformer
is lower in comparison with the HVDC transformer. After transformer ener-
gization and once the transformer voltage has reached the nominal level, the
pre-charge of the wind turbines DC link can be started. This step is accom-
plished by a pre-charge circuit consisting of an uncontrolled diode rectifier
in series with a resistor, R. The control block diagram of the aforementioned
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circuit is schematically illustrated in Figure 6.4. The operation procedure be-
gins by closing switch Sy, followed by the connection of resistor, R, to the
DC link in order to constrain the inrush current derived from pre-charging
the DC link. The reason for using the resistor is that it is in charge of defin-
ing the DC link charge current and time constant. However, when the DC
link is pre-charged and the DC voltage has reached the specified value, the
resistor, R, is bypassed by closing Sg.2 [99, 100].

With regard to the approach of DC voltage to the pre-defined threshold, the
synchronization of the grid side converters voltage with the AC system volt-
age can take place. This synchronization is made by applying a PLL in
the grid side converter system. Under such circumstance, the grid side con-
verter system is oriented to the grid voltage. Once the synchronization is
attained, the grid side converter can be connected to the wind turbine trans-
former by closing switch S3. At this moment, the controller of the grid side
converter will be automatically activated to govern the DC voltage and to
ensure the power balance of the wind turbine system [101]. When the DC
voltage is tuned to normal operational value, the circuit of the DC link pre-
charge can be disconnected by opening switch Sge.1 [99, 100]. During this
operation mode, the grid side converter behaves as a rectifier and the power
flowing is performed from the AC side to the DC side. In other words, no
power can be transmitted to the AC grid until this step. Since the oscillations
caused by the grid side converters connection to the grid disappear and the
voltage of GSC is stabilized, the MSC is activated and then, power balancing
in the DC link will take place. Therefore, the integration of the wind turbine
into the AC grid is fully accomplished by connecting MSC to the system. As
a consequence, the offshore converter can absorb the total power generated
by the wind turbine and transmit it to the AC power system through the
HVDC link. Further details regarding the control of the machine and grid
side converters of the wind turbine can be found in Chapter 4.

In the start-up sequence of an offshore wind farm, the energization of each
wind turbine is carried out only when the switching on and integration of the
previous wind turbine is finished. In other words, when the first wind tur-
bine (N=1) is started-up, the energization process of the second wind turbine
(N=N-+1) begins in a way similar to that of the previous wind turbine. This
cycle continues to energize the entire wind turbines of one feeder. There-
fore, in this case, the offshore wind farm is integrated into the AC grid and
the active power generated by the wind farm is transmitted to the AC power
network [98]. Finally, the offshore wind farm start-up and the minimization
of HVDC transformer inrush current can be achieved by means of the fore-
going procedure, as shown in Figure 6.2. Also, it should be mentioned that
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the DC link voltage of the wind turbine, in this study, is assumed to be
charged.

6.4 Proposed Voltage Ramping Strategy (VRS) for
inrush current decrement

To limit inrush current when the no-load transformer is energized by the off-
shore converter, the voltage ramping strategy is proposed. This methodology
is performed by gradual increment of voltage on the high voltage terminal
of the HVDC transformer from zero to nominal level. In fact, the inrush
current reduction of the HVDC transformer is achieved by means of the
generation of a ramp in the transformer voltage amplitude. Hence, this im-
plies that the flux of the transformer being energized will not exceed the
saturated knee-point of (¢ — I) curve discussed in Chapter 5. Therefore, us-
ing this strategy, the peak inrush current can be minimized depending on the
duration of the voltage ramp or the slopes value of the voltage ramp. Actu-
ally, enhancement of the period of ramp or reduction of voltage ramp slope
can decrease the transformer inrush current amplitude.

The estimation of the ramp slope rate Sy gg is obtained based on the division
of deviation of the transformer peak voltage amplitude (vp = vpy,) from its
initial value (vr = 0) to the desired duration for ramp ¢,qpm,. Namely, the
calculation of voltage ramp can be achieved based on Equation (6.1).

Svrs = sor __vrm =0 (6.1)
tramp tend — tstart

where tgiqr+ and t,q are instants of the ramp starting and finishing, respec-
tively. Also, the characteristic curve of voltage ramp is illustrated in Figure
6.3.

Figure 6.4 depicts a VRS-based control structure for the offshore convert-
er system that largely overcomes the aforementioned difficulties during the
offshore grid start-up. Figure 6.4 shows that the assumption adopted in this
method is (v}, v7y) = (v7,,0), where VRS is implemented for the g—axis
component of the transformer reference voltage, vy, . Hence, vy, is adjusted
based on the given ramp to ensure the reduction of the current. The control
system of the offshore converter in Figure 6.4, as outlined in Chapter 3, com-
prises an inner current control loop and an outer voltage control loop. To
perform the diminution of the peak inrush current under the transformer
energization condition as well as to regulate the amplitude, frequency and
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VrA

tstart tend t

Figure 6.3: Transformer voltage ramp characteristic curve.

phase angle of the transformer voltage after the switching-in, Equations (6.2)
and (6.3) are utilized for outer voltage loop.

izq = kolq(s)(v?q — UTq) — WCFUTq + iTq (6.2)

ted = Kotd(8) (Vg — vra) + wepvrg +iTd (6.3)

where izqd represents the qd-axis components of the reference current for
the offshore converter, U:*rq 4 Shows the qd-axis reference voltage components
of the transformer, i74q and vr4q denote the qd-axis components of the AC
current and voltage at high voltage side of HVDC transformer.

Based on Equations (6.2) and (6.3), the transformer voltage in the gd frame
is compared to the output signals of VRS, then the error signal is pro-
cessed by compensators in qd frame, kq4q(s). Finally, with adding voltage
decoupling feed-forward compensations (wcpvrg and wcypvpy) and current
feed-forward compensations (iry, and irq), the command of current in ¢d
frame (i, and i},) is issued for the corresponding ¢— and d—axes current
control loop. Thus, the two outputs of the inner current control loop, as
shown in Figure 6.4, can control iz, and i, according to

Veq = kilq(s)(izq - icq) - WLicd + UTq (6'4)

Ved = kild(s)(izd — icd) + wLicq + Vg (6.5)

where v.4q is voltage at the offshore converter AC side, kjqq presents two
simple proportional-integral regulators and i.4q is the gqd-axis current com-
ponents of offshore converter.
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Figure 6.4: Proposed control structure for the offshore converter.
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6.4.1 Advantages of the proposed voltage ramping strategy

The most significant benefits of the proposed technique are the considerable
decrement of transformer inrush current, accurate operation of HVDC con-
verter during energizing condition and high power quality. In addition, this
strategy ensures much lower inrush currents for slower ramps. The other ad-
vantages of this method are cost-effective and straightforward implementa-
tion in the voltage regulator of offshore converter connected to transformer.

6.5 Simulation

In order to validate the proposed reduction strategy and perform the start-
up of offshore grid, two case studies have been simulated using MATLAB/
Simulink package. The system comprises an offshore wind farm of four wind
turbines and a voltage source converter of HVDC transmission system. Wind
turbines based on PMSG are supposed to encounter the same wind pro-
file. Transformers are modeled according to the T-equivalent circuit.

The first case simulates the HVDC transformers behavior during energiza-
tion without applying the voltage ramping strategy for inrush current re-
striction. This will imply, in turn, that there is a high peak of current in the
high voltage side of the transformer. The second case analyzes the effects
of the proposed strategy on the inrush current of the HVDC transformer
as well as the sequences of the start-up of the whole offshore system. The
voltage ramp starts at t=0 s and its duration takes into account 100 s. The
characteristic parameters utilized in the simulation are:

e HVDC transformer parameters: Y, /A, 195/33 kV, S=350 MVA, R=
0.003 pu, L=0.14 pu, ¢y—=(+0.94,-0.94,+0.84) pu, dsar=1.25 pu.

e Wind turbine transformer parameters: A/Yy, 33/3.3 kV, S=5.56 MVA
, R=0.006 pu, L=0.06 pu, ¢s,:=1.1 pu, ¢,= (+0.8,-0.8,0) pu.

e PMSG parameters: V,,=3.3 kV, P,=5.26 MW, PF,.;;=0.9 inductive.

e Offshore HVDC converter parameters: V,.=195kV, S,,=350 MVA, R.=
1.6296 2, L.=51.9 mH, cr=2.93 uF.

e Wind tubine parameters: p=1,225 Kg/m?, R=58 m, Npominar=14.8 min =
, P,=5 MW, Eyr=6kV, ¢4.=1400 uF, Ryy7=0.0235 Q, Lyy7=0.75 mH,
Upiten=0°, Jwr=1.78, T1c=0.01's, ¢1=0.5, c2=116, c3=0.4, c4=0, c5=0,
66:5, 67221, 0820.08, 09:0.035.
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e Submarine cable parameters: R=0.06 2/km, L=0.36 mH/km, c¢=
0.26 pF/km, d=2.8 km.

6.5.1 Case study 1: HVDC transformer energization without the
voltage ramping strategy

In this case, the HVDC transformer is switched in through an offshore power
converter without employing the inrush transient reduction method, VRS.

Therefore, as observed in Figure 6.5 (b), a high inrush current is drawn by
the HVDC transformer, which is due to the sudden energizing by the offshore
converter (shown in Figure 6.5 (a)). The amplitude of this inrush current for
phases a, b and ¢ is +1654.36 A, -824.55 A and -829.8 A, respectively. The
value of peak inrush current for phase-a is 1.6 times higher than the nominal
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Figure 6.5: Simulation results of HVDC transformer switching-in without
using voltage ramping strategy. (a) Voltage at the high volt-
age side of HVDC transformer. (b) Inrush current of trans-
former. (c) Zoomed of inrush current for phase-a. (d) Zoomed
of inrush current for phase-b. (e) Zoomed of inrush current for
phase-c.
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current value of the transformer. Here, the offshore platform is not discon-
nected during transformer switching. However, as soon as the inrush current
decays, the offshore platform is energized and consequently, the start-up of
the offshore wind farm will begin. The worst case scenario of residual flux
(+94%, -94%, +84%) was implemented in the transformer in order to be
energized.

6.5.2 Case study 2: Decrement of HVDC transformer inrush
current using VRS and start-up of the offshore grid

A. Energizing of the HVDC transformer by VRS:

This mode simulates the start-up of the HVDC transformer with the im-
plementation of the voltage ramping strategy in the offshore converter. In
this case, the voltage is ramped up from zero to the peak value (159.22 kV)
with a ramping time (t,qmp) of 100 s, as shown in Figure 6.6 (a). Depend-
ing on the duration of the ramp, the reduction amount of inrush current
changes. As illustrated in Figure 6.6 (b), the inrush current, corresponding
t0 tramp=100 s, is considerably decreased.

The comparison between the values of the peak inrush current magnitude of
the transformer in energization cases with and without using the proposed
strategy will reveal the significant influence of this method, as it can be seen
in Figures 6.6 (c)-(e) as well as in Table 6.1.

Table 6.1: Comparison of peak inrush currents for two cases.

Magnitude of inrush Phase-A Phase-B  Phase-C

current (A) (A) (A)
Without VRS 1654.34  824.55 829.8
With VRS 100.423  125.1 169.3

The results obtained from Table 6.1 show that the largest decrease in the
transformers inrush current appears in phase-a. On the other hand, the
degradation of current for phases a, b and c is nearly 93.93%, 84.83%, 79.6%.
Moreover, it can be observed in Figures 6.6 (b)-(d) that the steady-state case
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Figure 6.6: Simulation results of HVDC transformer energization with us-
ing voltage ramping strategy. (a) AC voltage of transformers
high voltage side. (b) Inrush current of transformer. (c) Zoomed
of inrush current for phase-a. (d) Zoomed of inrush current for
phase-b. (e) Zoomed of inrush current for phase-c.
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of the transformer is almost reached at t=140 s and the switching operation
of offshore platform is accomplished by closing S; at this moment. There-
after, the wind turbines prior connected to the switching into the offshore
grid establish small effects on the steady-state condition of HVDC trans-
former.

Figure 6.7 shows the reduction of the peak inrush current for different phases
of the HVDC transformer when the duration of the voltage ramp (t,qmp) is
increasing. As can be observed in Figure 6.7, in the beginning, the trans-
former is excited in the instant t=0 s and the phase-a of the transformer
has the highest value of peak inrush current (1654.34 A). Afterwards, the
transformer is switched on by the voltage ramping strategy, and t,qm; is
considered as 10 seconds. This time becomes identical to the slope of the
voltage ramp, Syrs = 15.922 kV/s. In Figure 6.7, it can be observed that
the ramp time increases to 100 seconds or the slope is decreased to a lower
value, Sy rs = 1.5922 kV /s. Therefore, as illustrated in Figure 6.7, increas-
ing the duration or decreasing the slope of the voltage ramp leads effectively
to a peak current reduction. In fact, the proposed voltage ramping strategy
provides a more appropriate response in case of voltage ramps with slower
slope. Hence, the optimal selection of the voltage ramp slope can significant-
ly decrease peak magnetizing currents. In addition, the peak inrush current
reduction for phases b and c are represented in Figure 6.7.
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Figure 6.7: Peak inrush current reduction versus the different ramp times
(for phase-a,b and c).
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B. Start-up of the offshore platform and feeder:

Figure 6.8 indicates the voltage and current of the offshore platform dur-
ing offshore grids start-up. As it can be seen, points (1) to (5) are the main
operation steps. Actually, point (1) shows the energizing of the offshore plat-
form and feeder by means of the power converter and closing switch S; at
t=140 s. However, in this mode, a 33 kV voltage is provided at the off-
shore platform (AC busbar) and the entire feeder composed of three parallel
submarine cables, the value of current is almost zero. When the voltage be-
comes entirely stable, the consecutive start-up and integration of each of
the four first wind turbines can be performed corresponding to points (2) to
(5). These points show the performance of the first wind turbine from the
feeder till the last one, respectively.
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Figure 6.8: Simulation results for offshore platform during the wind turbines
start-up process.

As shown in Figure 6.8, in spite of the inrush transient existence in the
current of the offshore feeder, slight deviations from sinusoidal waveform of
voltage are observed. These are due to the harmonics generated by wind tur-
bines transformers. Furthermore, an enhancement in peak inrush currents
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at the moment of wind turbines transformer energization can be seen in the
total current of the offshore feeder which entirely conflicts with the values of
the peak inrush currents of each wind turbine. This is due to the fact that
the current of the offshore feeder results from the sum of the currents of the
whole wind turbines. Figure 6.9 represents the current of the offshore feeder
for different phases a, b and c.
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Figure 6.9: AC current of offshore feeder for phases-a, b and c.

Maximum AC overvoltage due to transformer energization in each wind
turbine is presented in Table 6.2.
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Table 6.2: The value of overvoltage at transformer high voltage side of each

wind turbine.

Wind turbine 1 2 3 4

Overvoltage (%) 16.54 8.64 7.3 6.1

C. Start-up of the first offshore wind turbine:

At the beginning of the first wind turbine start-up, all converters of the
wind turbine (GSC; and MSC;) are blocked and there is voltage stability at
the offshore platform. Nevertheless, there are no voltages at the wind tur-
bine and DC link of converters. When the first wind turbine (WT;) based
on PMSG is started-up by closing Sy at the moment of t = 145 s, a 33 kV
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Figure 6.10: Voltage and current of MV side of WT'T; during start-up pro-
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voltage is generated across the MV and LV terminals of the transformer. On
the other hand, this voltage in turn results in the inrush current occurrence
at the transformer MV side, as indicated in Figure 6.10, and this current is
damped around ¢t = 163 s. In addition, it can be noticed in Figure 6.10 that
this inrush current including harmonics leads to the overvoltage phenomena
in the 33 kV voltage of the transformer and the offshore feeder during the
energizing of the transformer.
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Figure 6.11: Inrush current of the first wind turbines transformer during
energization. (a) Three-phase inrush current. (b) The simulated
inrush current of phase-a. (¢) The simulated inrush current of
phase-b. (d) The simulated inrush current of phase-c.

The simulation result for the transformer inrush current of the wind turbine
at the beginning of the feeder and also zoomed current for each of the phas-
es are shown in Figure 6.11. The peak current magnitude for phases a, b
and ¢ are +200.4 A, +196.6 A, -271.4 A, respectively. Furthermore, in Fig-
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ure 6.11, the decrement of inrush current cannot be seen, since no approach
is applied for the reduction of this phenomenon.
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Figure 6.12: Voltage and current of WT'T; LV side during start-up procedure
of the offshore grid.

It can be clearly observed from Figure 6.12 that the voltage of the offshore
network has been reduced by the transformer from a value of 33 kV to 3.3
kV, but the currents value on the transformer LV side is also zero. This is
due to the fact that the transformer is energized in the no-load condition
and the inrush transient only occurs at the MV terminal of transformer.
When the inrush current decays and voltage of DC link is pre-charged, the
synchronization of GSC; is conducted by PLL. In fact, the voltage of GSC;
is tuned to match the voltage on the transformer LV side. Finally, once the
synchronization operation is carried out, the switch S3 is closed at the in-
stant of t=165 s and the control mode for GSC1 is switched to DC voltage
regulation. Figure 6.13 illustrates the integration of WT1 to the offshore
grid that has been obtained by means of the activation of the machine side
converter (MSC).
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Figure 6.13: Voltage and current of grid side converter (GSC1) in the first
wind turbine (WT}) after closing switch S3

6.6 Summary

A voltage ramping strategy for inrush current reduction of the HVDC trans-
former during the energization in the system in which a large offshore wind
farm is started-up by means of a power converter of HVDC transmission
system has been presented. Furthermore, a procedure has been applied to
smooth offshore wind farms start-up. The VRS used in the control system of
power converter ramps up the reference voltage in order to ensure the mini-
mum current. Although the considered strategy needs longer duration, it has
advantages, since it significantly reduces high inrush current in the system
and prevents the malfunction of the protection devices. Dynamic simula-
tions were taken into consideration to highlight the considerable impact of
the proposed scheme on the inrush current decrement during the energiz-
ing of the HVDC transformer. The simulation results showed that the value
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of inrush current due to the transformer switching operation is much lower
than the rated current value of the transformer and that the smooth start-up

of the offshore grid has been performed as designed.
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Chapter 7

Recovery inrush current reduction of
offshore transformers using proposed
voltage ramping strategy

This chapter analyzes the recovery inrush current reduction procedure of
transformers in offshore grids and designs a new control system in order
to minimize inrush currents under fault recovery condition. The design of
this control system is based on the voltage ramping strategy. Moreover, to
validate the proposed system, a comparison between the operation of the
proposed controller and that of the control system without the reduction
strategy has been carried out.

7.1 Introduction

This chapter presents a recovery inrush current reduction technique for all
the transformers available in the offshore grid, including HVDC and wind
farm transformers. These transformers are exposed to AC faults. The most
severe AC fault is a symmetrical three-phase short circuit that leads to the
appearance of voltage sags on the power grids, which results in power quality
problems. Voltage sags are short duration voltage drops [102] that can cause
magnetic flux deviations in the core of transformers. Therefore, transform-
ers will have a DC component of magnetic flux, called flux offset, during the
voltage sag period [103, 104, 105].

When the system fault is cleared and the voltage will rapidly restore to its
nominal level, the total magnetic flux of the transformer becomes higher
than the flux value in the steady-state condition. This fact is due to the
same flux offset available in the transformer core. Hence, this over flux in
the core may provoke that the transformer in the offshore grid is driven into
the saturation mode and consequently, it will lead to high non-sinusoidal
excitation current occurrence in the high voltage side of transformers in the
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Chapter 7 Recovery inrush current reduction by VRS

offshore grid [103, 104, 106]. The probability of such inrush transients is
high during voltage recovery due to the slow decay of magnetic flux devi-
ations [107]. Therefore, transformer inrush currents resulting from voltage
recovery after fault occurrence can be introduced as one of the challenges
concerning power quality.

These recovery inrush currents can have adverse effects on the functioning
of the offshore power systems and its components, such as: mechanical and
electrical stress on the transformer, bad operation of protection systems, har-
monic overvoltages and instability issues [106].

In addition, the performance of offshore grid converters can be affected by
saturation characteristics of transformers under fault and recovery condi-
tions. On the other hand, the converter might be tripped by this type of
current and consequently, the operation of HVDC transmission system and
offshore wind farm can be disturbed. Hereby, the reduction of these inrush
currents has been a serious concern.

Therefore, a Voltage Ramping Strategy (VRS) in which voltage is gradually
ramped up from the voltage sag level to the nominal value is introduced in
this chapter. This reduction method assures the decrement of transformers
inrush currents during the recovery of grids voltage. The verification of the
operation of the referred approach is also shown in some simulations.

7.2 Effect of the voltage sag on the grid side
converter of offshore wind turbine

The main objective of the control system in the grid side converter of each
offshore wind turbine is to inject the generated power into the grid. To
achieve this purpose, it is necessary to keep the DC voltage nearly sta-
ble, by means of a DC voltage regulator. When a three-phase short circuit
fault occurs in the AC grid, it results in the serve voltage sags on the AC
terminals of the power converters in each wind turbine. Under these cir-
cumstances, the current limitation imposed by the thermal characteristics
of the converter is reached and therefore, the incoming power which can be
transmitted from one side to the other is restricted in proportion to the AC
voltage sag [108]. Thereby, the DC capacitor will be charged by the surplus
power and then the DC voltage will increase rapidly which may lead to the
activation of the overvoltage protection. On the other hand, the increment
of DC voltage can reflect the power imbalance of the DC link [109, 37].

In order to mitigate the DC overvoltage at the DC bus as well as avoid the
disconnection of the protection devices of the converters in the grid, a DC

122



7.3 Recovery inrush current reduction process of transformers

chopper where the excess of power is dissipated is employed at the DC side
of converters in the wind power system. Namely, the DC voltage exceeding
the maximum permitted voltage is reduced to ensure balanced power. The
power reduction achieved by means of the DC Chopper can be analytically
described as [40]

Prigd = Pwind(l + kr(EDC - E%Z:)) (7-1)

w

where P,;,q is the wind turbine power, Pﬁfgd is the reduced wind turbine

power, Epc is DC voltage and k, can be selected as

1
T EWT _ pWT

mazx man

(7.2)

where E)V'T and EVI indicate the upper and lower thresholds of DC voltage
in terminals of the wind turbine converters. The control action k,(Epc —
EWTY is saturated in order not to exceed the power.

Grid side converters in wind turbines are also responsible for grid voltage
support using AC voltage controllers during the grid fault. However, when
a wind farm is integrated with an AC grid through HVDC transmission
systems, it is better to devitalize the AC voltage support in the grid side
converters of the wind turbines. The reason for this is to avoid control con-
fluence with the offshore HVDC converter [37].

Finally, as the fault is cleared and the system voltage is restored to the
pre-fault level, the incoming power transmission to the AC grid will in-

crease. Hence, the power system is brought back to the normal condition.

7.3 Recovery inrush current reduction process of
transformers

When an AC fault takes place in the offshore grid, a voltage sag appears
in system. After a defined duration, the fault is cleared and the voltage of
the power system increases suddenly to its nominal value. Then, this abrupt
change leads to the appearance of high inrush currents in all the trans-
formers available in the offshore grid. The presence of these currents can
result in severe drawbacks in the offshore grids. Therefore, the decrement of
transformer inrush current is essential for the optimal performance of the
system. Thereby, a framework is considered to restore the grid voltage by
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means of the proposed approach and to reduce inrush transient of trans-
formers, as shown in Figure 7.1. Thus, several functions associated with
the determination of the fault occurrence instant and the fault clearance
time, the definition of the voltage sag magnitude as well as the evaluation of
the fault ride-through have been addressed in this flowchart to achieve the
referred objectives. Further details regarding all these steps are presented in
the following subsections.

START
Input data
v - The g and d components of HVDC transformer voltage at the
> . HV terminal
8 Fault detection |<<- Rated voltage of HVDC transformer
< - Rated current of HVDC converter
v - The g and d components of HVDC converter current
- Threshold value
P Voltage sag
8 measurement
Fault ride-through
9 | (FRT) and Switches
&| disconnection of
faulty wind turbine
{\ /L Input data
- It cl - Magnitude of voltage sag
9 F‘au tc eara':‘ce <k Rated voltage of HVDC transformer at HV terminal
8| time detection - Rated current of HVDC converter
- The g and d components of HVDC converter current

5 - Threshold value

Voltage recovery by means of

A

END

Stage 5

and

Figure 7.1: Flowchart of the voltage recovery procedure and reduction of
transformer inrush current.
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7.3.1 Stage 1: Detection of the fault occurrence time (¢;)

The first step in the procedure of voltage restoration and transformer inrush
current reduction is to gain the instant in which the fault happens in the
offshore wind farm integrated with a HVDC converter. Figure 7.2 illustrates
a block diagram of the fault detection scheme. Figure 7.2 shows that the
function of fault detection is obtained from the comparison of the voltage
amplitude at the high-voltage terminal of the HVDC transformer (vr) with
a threshold (around 90% of its corresponding rated value (vied)), as well
as from the comparison of the magnitude of the current in the AC terminal
of the HVDC converter (i.) with a threshold (around 90% of rated current
(irated)). Thus, whenever the value of vr is less than the threshold and the
amplitude of 7. is higher than its threshold, the AC fault is indicated and
a signal 1 (or signal of Fault Detection (spp)) is issued. In this thesis, the
voltage and current thresholds are considered to be 90%.

Moreover, to compute vy and i., which contain the ¢ and d components

of voltage and current, the equations (4 /v%q +v3,) and (/2 +1i2;) are

applied, respectively.
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Figure 7.2: Block diagram of fault detection.

7.3.2 Stage 2: Computation of the voltage sag magnitude

When the fault incidence is detected as explained in the previous subsec-
tion, the amplitude of the voltage which drops to the lower levels is evaluat-
ed. In fact, each component of vryq is separately compared with that of the
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Chapter 7 Recovery inrush current reduction by VRS

saturation limit and then, the obtained signal is filtered by the zero-order
hold and moving average functions, as it can be seen in Figure 7.3. These
functions are used to obtain the voltage drop during the fault interval.

ol §
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Hold Moving Average
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Figure 7.3: Block diagram of measurement system of voltage sag.

7.3.3 Stage 3: Fault ride-through and operation of protection
devices

If the measured voltage level meets the Fault Ride Through (FRT) require-
ments of the wind turbine [110], the wind turbine stays connected to the
offshore system for a specific period of time under grid fault. Otherwise, the
faulty wind turbine can be disconnected from the power system because of
the tripping of the protection devices and hereupon, the isolation of the fault
from the grid will take place. The instant in which the fault is cleared by
means of the switch disconnection is also called .

Furthermore, in the case of AC fault at a wind turbine, the other wind tur-
bines will experience a sudden voltage drop. However, these wind turbines
and their generators also remain connected to the power system. It is worth
emphasizing that the generators of the wind turbines are under the load in
these circumstances.

7.3.4 Stage 4: Detection of the fault clearance time (¢;)

Figure 7.4 depicts the block diagram of the fault clearance time detec-
tion. This block compares the amplitude of the AC current of the HVDC

converter (i.), calculated according to equation 4 /42, + i%,, with its thresh-

old (90% of %) and also, a comparison between the absolute value of
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voltage sag magnitude (|Avpgq|) with the threshold of the HVDC trans-

former voltage at the high voltage terminal (10% of v5d) as well as with

the nominal value of the HVDC transformer voltage (v;*¢?) will accom-
plish. Once the i, is smaller than the threshold and the absolute value of
Awvrgq is higher than the threshold of v%ated and smaller than v%‘”ed, namely
0.1v§at6d< |Avggq| < U}“ted, the instant of fault removal is determined and a
signal 1 (or signal of the Fault Clearance Time Detection (sporp)) is gen-

erated.

AVrgg Absolute |AVqu | Input 1
(Fig 7.3) value
y Comparison | & >
" 2_|| :IJ SFcTD
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[i2 | < | >
i o\ lcg + led “—|
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< 122> Input 2

Figure 7.4: Block diagram of fault clearance time detection.

7.3.5 Stage 5: Voltage recovery and inrush current diminution

When the protection devices operate and the three-phase switches of the
faulty section are opened for isolation (at instant ¢s), the voltage recovery
will take place and the AC grid voltage will return to its nominal level.

In the new grid formed after the isolation of the faulty wind turbine, the
voltage restoration of all the wind turbines will be accomplished at the same
time. This implies that all the transformers which increase the low-level
voltages generated at the wind turbine to the medium voltage used in the
collection grid of the wind farm are simultaneously recovered with the HVDC
transformer, which enhances the collection grid voltage to the transmission-
level voltage.

In addition, the voltage recovery of transformers generates huge inrush cur-
rents at the instant of their restoration to the grid, due to the transformer
core saturation. Thus, in order to reduce these transformer inrush transients
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during fault recovery, a soft recovery method of voltage is required. There-
by, this chapter proposes a voltage control system based on the Voltage
Ramping Strategy to ensure the inrush current decrement as well as to
guarantee the simultaneous restoration of all the transformers available in
the offshore grid after fault removal. The advanced control system is handled
in the offshore HVDC converter system and further details will be presented
in Section 7.4.

7.4 Proposed control system based on VRS

The purpose of the proposed control system is to regulate voltage amplitude
and frequency under normal operation, as well as to restore the voltage to
the nominal level under grid recovery condition so as to ensure the reduc-
tion of inrush transients and the stability of the system. The design of the
proposed controller for the HVDC converter is illustrated in Figure 7.5.

As shown in Figure 7.5, the control structure for the HVDC converter is
based on the vector control method including a lower level control (inner
loop) and an upper level control (AC voltage loop). The inner loop is re-
sponsible for the regulation of the gd components of the current via the
coupling filter and the voltage loop is in charge of the control of the AC
voltage amplitude at the high voltage side of the transformer. The control
is almost similar to the one utilized in the power injection system for the
offshore load [51] but it allows for the control of i¥; by (v};+ 974 —vrq) and
izg DY (v;q + 01q — v1g), as shown in Figure 7.5. Therefore, the performance
of this developed voltage loop not only depends on the amplitudes of the
transformer voltage, vryq, and HVDC transformers current, i74q, but also
depends on the amount of voltage sag and the ramp rate imposed to obtain
the minimum inrush current. As a matter of fact, the gd components value
of the voltage drop including the ramp at the fault clearance instant is d7yq.
With regard to Figure 7.5, the qd components of the HVDC converter cur-

rent reference, i, and iy;, are determined as

izq = iTq — WCfUTd + kOlq(s)(fU;q + fDTq - UTq) (73)

izd =i7q +wepurg + k‘old(s)(v}d + Opg — de) (7.4)

where 07, and O7q are the two new control inputs.
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Figure 7.5: The proposed control block diagram of offshore HVDC converter

for recovery inrush current reduction.
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As the fault takes place, these components, 97, and 974, can change the
set-points of voltage, v}q and v7,;, and also construct a voltage ramp at the
instant in which the fault is cleared, 2.

To perform set-points variations, the magnitude of the voltage sag, namely
Avryg, is immediately calculated after fault detection, as described in Sub-
section 7.3.2. Thus, the obtained content, Avryq, is gradually ramped up to
zero at the moment in which the fault clearance is indicated by the signal
of the Fault Clearance Time Detection, sporp, as shown in Figure 7.5. The
voltage ramp rate is commonly tuned according to the division of the voltage
sag value, Avryg, into the voltage recovery duration, At =t, —t;, so as to
achieve the lowest inrush currents. It should be noted that the ¢, is the time
at which the initial condition is reached.

The conclusion of this analysis is the new inputs of the voltage control sys-
tem, 74q. Moreover, Figure 7.5 shows that up, and urg are the output of
two independent compensators. Namely,

urg = kolq(8)(Vrg — vrg) (7.5)

urd = kotd(s)(Vrd — vra) (7.6)

where vy = v, + 1q and Urq = U}y + O1q. The compensators koq(s) and
koiq(s), are obtained on the basis of the LQG optimization procedure dis-
cussed in Chapter 3. When the control signals ur, and urg are provided, the
components 4, and i%; are built according to Equations (7.3) and (7.4) and
rendered to the corresponding inner loop controllers.

The most significant advantages of the aforementioned method are recovery
inrush current reduction, system stability and the avoidance of the trip of

the HVDC converter and protection relays of the transformer.

7.5 Simulation results

In this section, simulation studies have been carried out to evaluate the
performance of the advanced control system under symmetrical three-phase
fault condition and voltage recovery process with MATLAB/Simulink. The
studied system consists of a HVDC converter connected to a cluster of wind
turbines, as illustrated in Figure 7.6. In this section, simulation results for
the first three wind turbines of the cluster are analyzed. Three different sce-
narios have been considered. The first one analyzes the inrush currents of
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Figure 7.6: Schematic diagram of the simulated offshore grid during the volt-
age recovery.

all the transformers available in the power system without implementing
the developed method. The second one simulates the behavior of all the
transformers using the proposed technique which has considerable impact
on the reduction of inrush currents magnitude. The third one analyzes the
effect of different durations of voltage ramp on the transformer inrush tran-
sients.

In the referred cases, an approximately 85% voltage sag with a duration
of 300 ms is applied at the middle point between connection of the second
wind turbine transformer and offshore gird at instant ¢ = 150 s. Figure 7.6
illustrates the schematic diagram of the simulated network. The parameters
have been summarized in Table 7.1. It should be noted that in system op-
eration under the recovery process, W11 and WT'3 remain also connected
to the offshore grid, whereas the second turbine WT's is disconnected at the
instant of fault clearance, ¢ = 150.3 s.
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132

Table 7.1: Parameters of the simulated scenarios

parameter value unit
PMSG nominal power (P,) 5 [MW]
PMSG nominal voltage (V4,) 3.3 kV]
WT inertia time constant (Jyr) 1.7 [s]
WT electrical time constant (7ee) 0.01 [s]
WT pitch time constant (7ptcr) 0.17 [s]
WT nominal DC voltage (Ewr) +3 kV]
WT lower DC voltage level (Ejj) 6.18 kV]
WT upper DC voltage level (Ej4Y) 6.48 kV]
WT DC capacitor (Cyr) 1.4 [mF]
WT transformers (A/Y,) nominal power (P,) 5.56 [MVA]
WT transformers nominal voltage (V},/Vs) 33/3.3 kV]
WT transformers resistance/inductance (R/L) 0.006/0.06 [pu]
WT transformers magnetization resistance (R,) 500 [pu]
WT transformers saturation flux (®gqt) 1.1 [pu]
WT transformers residual flux (®,;) (+0.8,-0.8,0) [pu]
Submarine cable resistance (Rcs) 0.06 [Q/km]
Submarine cable inductance (L¢g) 0.36 [mH/km]
Submarine cable capacitor (Ccg) 0.26 [uF /km]
Submarine cable 1 length 1 [km]
Submarine cable 2 length 0.7 [km]
Submarine cable 3 length 0.7 [km]
HVDC transformers (Y;/A) nominal power (P,) 350 [MVA]
HVDC transformers nominal voltage (Vv /VLy) 195/33 kV]
HVDC transformers resistance/inductance (R/L) 0.003/0.14 [pu]
HVDC transformers magnetization resistance (R,,) 500 [pu]
HVDC transformers saturation flux (®sq¢) 1.25 [pu]
HVDC transformers residual flux (®,;) (+0.94,-0.94,40.84) [pu]
HVDC converters nominal power (P,) 350 [MVA]
HVDC converters nominal voltage (V;,) 195 kV]
(X/R) 10 [pu]




7.5 Simulation results

7.5.1 Recovery of transformers without using VRS

In this case, there is no reduction technique for recovery inrush currents, i.e.,
the transformer inrush current is considerable and can affect the operation
of protection devices. The voltage and current of the HVDC transformer be-
fore, during and after the fault are shown in Figure 7.7. From Figure 7.7, it
can be deduced that fault causes a voltage sag of around 64% in the voltage
of the transformer primary side at ¢ = 150 s. It is worth noting that an over-
current is generated due to the fault occurrence and thereafter it is limited
by the HVDC converter.

(@)

< 50 *
=,
() L e e ey
o \'nMw\umuMMw\M\'mnM\w'w'w\\-h w"ln\w\“h'w'\\M\'M'm'\wn\mMmw'\MMw'\m\\'hmm\uwm\MMum'\\w\Mnmw;\mm\mMw»w»w\mnmuw
}E 0 40 o o 10101 g “"“‘\\“ 000000000 00000 ook o o o
o
>
_5? | | | | | | | | |
9.6 149.8 150 150.2 150.4 150.6 150.8 151 151.2 151.4
(b)
T
'E‘ 2000 -
e QG
g 0 I
S 0
O -2000- -

1 1 1 1 1 1
150.4  150.6 150.8 151 1512 1514

Time [s]

1 1 1
149.8 150 150.2

Figure 7.7: Influence of the fault and voltage recovery on HVDC transform-
ers behavior. (a) Primary side voltage. (b) Inrush current.

As shown in Figure 7.7 (a), the voltage is recovered to the nominal value, i.e.,
there is no time delay for the voltage restoration to this level after three-
phase fault removal. In other words, according to Figure 7.7 (b), a large
transient current is drawn by the transformer at the instant of fault re-
moval, which is a consequence of the transformer core saturation caused by
the sudden voltage increment.

The inrush currents of the different phases of the HVDC transformer in the
system without VRS are shown in Figures 7.8 (a), (c¢) and (e) and zoomed
at the voltage recovery instant in Figures 7.8 (b), (d) and (f). As it can be
concluded from these figures, the inrush current magnitude in phase-c for
the HVDC transformer is higher than those in the two other phases. In other
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words, the maximum inrush current of phases a, b and ¢ are +715 A, +1090
A, -1325 A, respectively.
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Figure 7.8: Inrush current of different phases of HVDC transformer during
fault and voltage recovery cases in system without VRS.

Figures 7.9, 7.10 and 7.11 (a) indicate that the primary voltage of each wind
turbine transformer drops when the three-phase fault occurs at the second
wind turbine. Thereby, the amount of each voltage sag is nearly 85%. After
that, fault removal is performed by means of the disconnection of the faulty
wind turbine from the offshore grid at ¢ = 150.3 s. In this case, the other
wind turbines keep also connected to the offshore system.

In Figure 7.10 (a), it can be clearly observed that the transformer primary
voltage of the second wind turbine will be zero after fault removal whereas
the voltages of the two other wind turbine transformers are quickly restored
to the nominal value, v,, = 33 kV, as seen in Figures 7.9 and 7.11 (a).
Consequently, from Figures 7.9, 7.10 and 7.11 (b), it can be deduced that
transformers of WT'1 and WT'3 experience high inrush currents due to the
transformer core saturation. Transformer inrush currents of the first and
third wind turbines in phases a, b and ¢ have the values -340 A, +466 A
and +282 A, respectively. It should be also noted that the current under the
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Figure 7.9: Simulation results for wind turbine 1 under fault and recovery
conditions. (a): Transformers primary voltage of the wind tur-
bine. (b): Transformers primary current waveform of the wind
turbine. (c): DC voltage of the wind turbnine. (d): Active power
injection of the wind turine.
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Figure 7.10: Simulation results for wind turbine 2 under fault and recovery
conditions. (a): Transformers primary voltage of the wind tur-
bine. (b): Transformers primary current waveform of the wind
turbine. (c): DC voltage of the wind turbnine. (d): Active power
injection of the wind turine.
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Figure 7.11: Simulation results for wind turbine 3 under fault and recovery
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fault condition is equal to the rated current of each wind turbines convert-
er. As shown in Figures 7.9, 7.10 and 7.11 (c) and (d), during the fault, the
active power cannot be completely injected into the offshore grid by each
wind turbine, in which results in the increment of the DC link voltage. On
the other hand, the DC voltage exceeds the specified threshold during the
fault and therefore, the DC chopper is activated to reduce this voltage and
also ensure an adequate power reduction. After fault removal, the DC volt-
age returns to the nominal level and active power is restored quickly. As
illustrated, the DC voltage and active power experience oscillations during
voltage recovery.

7.5.2 Recovery of transformers using VRS

In order to alleviate inrush currents, a VRS for recovery after fault has been
implemented in the voltage control system of the HVDC converter. A similar
three-phase AC fault of 300 s duration is applied to the second wind turbine
as in the previous case. In this method, as soon as the fault is removed, the
voltage of the offshore grid gradually ramps up to the nominal value to
be able to reduce high currents. Therefore, this voltage ramping technique
does not allow for the voltage to return to normal condition suddenly and
decreases the saturation probability of transformers core. The method has
been simulated and the results are presented below.

Figure 7.12 shows the three-phase voltage and current of HVDC transformer
for a system with VRS. From this Figure, it can be deduced that a 15 s
delay has been taken into account for the voltage to be recovered to the rat-
ed value after fault clearance. Therefore, currents variations in the HVDC
transformer, as observed in Figure 7.12 (b), are associated with this ramp
for voltage recovery.

In this case study, the recovery of voltage is slower than in the case with-
out VRS, as illustrated in Figure 7.12 (a), regardless of the magnitude of
voltage sag. On the other hand, in accordance with Figure 7.12 (a), it takes
longer time for voltages of different phases to attain nominal values whereas
in Figure 7.7 (a), the voltages are restored very quickly. Also, comparison of
Figure 7.12 (b) and Figure 7.7 (b) indicates that inrush currents of the HVD-
C transformer in a system with VRS are much lower than those in a system
without VRS. Thus, it can be mentioned that the VRS with t,4mp = 15 s
can reduce the inrush current to nearly 1/3 of the value of inrush currents
in the system without VRS during voltage recovery.
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Figure 7.12: Voltage and current at high voltage terminal of HVDC trans-

former (t,qmp =15 s)

The inrush current waveforms of the HVDC transformer for different phases,
a, b and c are shown in Figures 7.13 (a), (c) and (e) and zoomed in Fig-
ures 7.13 (b), (d) and (f). With regard to t,qmp = 15 s, the inrush currents
for phase a, b and ¢ are +228 A, -356.5 A and +460.5 A, respectively. Conse-
quently, it is clear that the voltage recovery with VRS will generate smaller
currents.

Figure 7.14 (a)-(f) depicts the voltage and current of the transformer for
each wind turbine. As shown in Figure 7.14 (a)-(c), during voltage recov-
ery, AC voltages corresponding to the transformer primary side of WT'1 and
W5 increase slowly to the nominal level, 33 kV. However, the transformer
voltage of the second wind turbine, WT', is kept zero due to the disconnec-
tion of the faulty section from offshore grid at the instant of fault removal.
For the sake of the simultaneous recovery of all the transformers, including
the transformers of wind turbines and the HVDC transformer, the trans-
former inrush current magnitude of the wind turbines is reduced using VRS
available in the AC voltage control system of the HVDC converter, as illus-
trated in Figure 7.14 (d)-(f).
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Figure 7.13: Inrush current of different phases for HVDC transformer
tramp = 158

By comparing the case with VRS and the previous one without VRS (i.e., Fig-
ures 7.14 (d) and (f) with Figures 7.9 and 7.11 (b)), it can be observed that
the transformer inrush current of each of the wind turbines in the different
phases, a, b and ¢ was reduced by 53.2%, 64% and 48.3%, respectively.
The dynamic performance of the active power and DC voltage in the first
wind turbine (WWT'1) under fault and voltage recovery conditions is sketched
in Figure 7.15 (b) and (d). In order to better realize these shapes, the plots
of AC voltage and current of the grid side converter are also shown in Fig-
ures 7.15 (a) and (c).

When the fault is simulated at the second offshore wind turbine, the DC
chopper of the wind turbine is activated to control the DC voltage and to
reduce the active power injection, as observed in Figure 7.15 (b) and (d). The
operation of the DC chopper protection is included based on the overvoltage
of the DC link capacitor of the wind turbine.
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Once the system is restored and the DC overvoltage of the full power con-
verter wind turbine comes back to the nominal level, all the power injection
is also recovered. It is worth emphasizing that these restorations to the nor-
mal conditions are accomplished through a ramp, as can be seen in Figures
7.15 (b) and (d).

Finally, Figure 7.16 shows the reduction of the peak recovery inrush current
of the HVDC transformer (in phase-a) for different time periods of ramp.
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Figure 7.16: Variation of the peak inrush current of the HVDC transformer

versus different time periods of ramp (for phase-a)

7.6 Summary

This chapter has introduced an inrush current reduction technique for off-
shore transformers during system recovery. This voltage ramping strategy
can be designed to guarantee the inrush current decline of transformers
available in the offshore grid, including HVDC and wind turbines trans-
formers, under system restoration mode and to ensure a robust stability. The
proposed method can be implemented in the AC voltage control system of
the HVDC converter which is based on a conventional vector control system
and can gradually increase the grid voltage to the nominal level. The method
has been tested under three scenarios, the simulation results of which show
the validity of this approach for recovery inrush current reduction.
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Chapter 8

Conclusions

Several studies to improve the operation of offshore grids under inrush tran-
sient condition of the transformer have been presented in this thesis. This
chapter explains the main conclusions drawn throughout the thesis and it
also contains lines of research for future work.

8.1

Contributions

The contributions are detailed per chapter.

Chapter 2 analyzed the structure of an offshore grid and the ex-
istence of different configurations in offshore wind farms as well as
different types of wind turbines, power converters and HVDC trans-
mission systems. This structure makes voltage control of the offshore
wind farm grid possible through the HVDC converter and also the
accurate analysis of the models and controllers used for each of the
offshore components in the next chapters.

Chapter 3 addressed the dynamic model and different control schemes

for the voltage source converter of the HVDC transmission system. The
design of the control systems has been produced considering the dy-
namics of the AC and DC grids of the converter, the current and the
voltage control loops, PLL and VCO. Once the HVDC converter is
connected to the offshore wind farm, by applying the voltage and cur-
rent control mechanisms, HVDC system stability and power balance
under different operating conditions can be achieved.

Chapter 4 presented the simplified model and the control design for
the variable-speed wind turbine. The generator of the wind turbine
is totally decoupled from the offshore wind turbine grid through full
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power converters. The scheme of the control system is based on the ba-
sic vector control method. The model applied has been tested through
simulations and the results have proved the ability of the model to
reflect variations in the power extracted by the turbine dependent on
the alterations in the incoming wind. The wind turbine model can be
used in offshore transformer inrush current reduction studies and it
can provide a highly accurate estimate of the wind turbine dynamic
response.

Chapter 5 analyzed extensively the inrush transient phenomenon
during transformers energization in offshore HVDC grids. Under in-
rush current condition, the HVDC converter might be tripped and the
performance of HVDC transmission grid might be disturbed. Thus, the
inrush current reduction of the transformer in offshore HVDC systems
is an important issue. Several techniques to decrease the inrush tran-
sient of the transformer in a power system have been presented. The
analyzed strategies cannot ensure the correct performance of HVDC
grids in case of inrush transient due to their complexity, high losses and
costs, the requirement for residual flux information and bigger phys-
ical spaces. Therefore, a new method has been proposed in this thesis
which allows to minimize high inrush currents and to operate correct-
ly the HVDC converter under such condition. The transformer model
has been designed to estimate the dynamic behavior of transform-
ers whenever the transformer core is driven into saturation mode. The
representation of the transformer has been tested through simulations.

Chapter 6 proposed a voltage ramping strategy to reduce the ener-
gization inrush current of the HVDC transformer during the process
of offshore wind farms start-up and integration into the onshore AC
grid. This method is based on the ramping of the voltage in the high
voltage terminal of the transformer connected to the HVDC convert-
er. The ramped voltage ensures minimum energization inrush current
in the offshore grid. The proposed strategy can provide much lower
inrush currents when the voltage ramp slope is slower. The other ad-
vantages of the considered technique are no tripping of the HVDC
converter under the transformer energization mode, simplicity, cost-
effective and easy implementation in the HVDC converters control
system. The performance of this methodology has been validated by



8.2

8.2 Future Work

means of dynamic simulations.

Finally, Chapter 7 proposed a voltage control system based on VRS
for the HVDC converter to restore all the transformers in the offshore
grid after fault recovery with minimum inrush currents. The considered
control system has been developed on the basis of the conventional vec-
tor control system and has made the grid voltage to increase according
to a ramp. For this reason, a system voltage recovery procedure has
been presented in order to achieve the voltage sag derived from the
fault occurrence and to then implement a desired voltage ramp for the
restoration of the grid voltage. The selection of lower voltage ramp
slopes can lead to the appearance of smaller inrush currents in the off-
shore grid. The control system proposed can ensure the safe operation
of the converters available in the HVDC system and in wind turbines
and consequently, the stability of the offshore grid. The validation of
the concept has been confirmed by means of simulations and the per-
formance of the control system with and without the new strategy has
been compared, this comparison showed that the proposed method can
diminish inrush current.

Future Work

Inrush current under transformers energizing and recovery conditions is an
important challenge in power grids. This transient in HVDC systems is a new
topic and therefore, there is much research to do in the field of inrush current
reduction in these grids. The work developed in this thesis has propounded
several research lines for future work. Given this, the future research lines
can be the following:

Analysis of inrush current in MMC-HVDC systems.

Study of the start-up and integration of the offshore wind farm into
the onshore AC system through MMC converters.

Practical implementation of the transformers energization inrush cur-
rent reduction methodology explained in Chapter 6.

Design a VRS-based controller in MMC converters of the offshore grid
to reduce HVDC transformer inrush currents during the start-up pro-
cedure of offshore wind farms.
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e Practical implementation of the VRS-based voltage control system of
the HVDC converter under transformers voltage recovery condition
explained in Chapter 7.

e Analysis of the control system based on the voltage ramping strate-
gy to decrease transformers recovery inrush current in offshore grids
including MMC converters.

e Comparison of the VRS strategy behavior in offshore grids with MMC
converters and VSC converters.
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Appendix A

Synchronous reference frame and
Droop controller

A.1 Park transformation

To enable the control scheme of a three-phase converter system and pro-
vide a simpler structure, the system variables such as currents and voltages
require to become constant values in steady state. Therefore, under such
condition, the rejection of disturbances and tracking the reference signals by
means of the PI and other regulators will be possible. Hence, a Park trans-
formation known as synchronous reference frame is applied to achieve the
fixed quantities. Note that the Park transformation synthesizes the Clarke
transformation and a rotation.

The transformation of the x4 vector to a qd0 frame with angle 0 is char-
acterized as:

«'quO = T(Q){L’abc (Al)

where x4 is a vector with the three-phase quantities in the stationary frame
and x4qo is a vector with the transformed quantities in the qd0 frame.
The Park transformation matrix 7'(0) is defined as

Since the matrix 7'(0) is invertible, the inverse transformation can be ob-
tained as
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Tabe = Tﬁl(e)quo (A3)
with
cos(6) sin(6) 1
T-Y) = cos(f — 2%) sin(6 — 2{) 1 (A.4)

cos(0 + &) sin(0+ %) 1

In present thesis, the gq-and d-axes deal with the active and reactive pow-
ers, respectively.

A.2 Instantaneous power theory in the synchronous

reference frame

A sinusoidal three-phase signal, z4.(t), can be presented as

cos(wt + z)
Tape(t) = V2X cos(wt + @y — 2F) (A.5)

cos(wt + ¢z + %ﬂ)

Using the Park transformation matrix, 7'(#), for a general signal, xq.(t), and
replacing 6 = wt + ¢, a x4q0(t) signal can be derived as

cos(pz — )
Zado(t) = T(wt + @)Tabe = V2X | = sin(p, — ) (A.6)
0

The voltage and current in synchronous reference can be expressed in the
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conventional phasor form, namley

1 ‘
Vaa \ﬁ(’”q — jva) (A.7)
. .
Iya = ﬁ(lq — Jid) (A.8)
Thus, the three-phase power can be concluded as
. 1 _ 1 .
S=P+jQ=3Vyalga = 3(5(% — 3va)) (5 (ig = jia)) (A.9)

As a result, the instantaneous active and reactive powers can be represented
as functions of the instantaneous voltages and currents as

P = (quq + Udid) (AlO)

Q=

N W N W

(Vgld — vdiq) (A11)

And considering the system voltage is aligned with the g-axis and the vy =
0, the active and reactive powers can be simplified as follows

3

P: E’quq (A12)
3 .

Q= iqud (A.13)

From previous equations, it can be deduced that the active and reactive
powers can be independently regulated by the active current and reactive
current, i, and 44, respectively.
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A.3 Droop controller design

At high DC voltages, the converter keeps the voltage approximately fixed by
a proportional control law, so-called droop control. There are several droop
implementations in order to achieve the control of the DC voltage. The cur-
rent and power based droop controls are the most prevalent type of these
controllers.

VSC
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Figure A.1: Scheme of the DC voltage droop control in a converter linked to
the main AC grid through L coupling filter.

In this study, the current based control is used to regulate the DC current
based on the DC voltage. The reasons are that the mentioned method re-
flects linear control behavior as well as the droop scheme is associated with
the dynamics of the DC system.

Furthermore, the droop design is according to the calculation of the DC
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current extracted by the converter.

iECl = kdroop(El - Eik) (A.14)

Where i}, denotes the DC current reference of the converter, £} and E
represent the reference and actual values of converter DC voltage, respec-
tively. The Kgro0p is the proportional coefficient which depends on the design
of control system.

The scheme of a DC voltage droop controller is sketched in Figure A.1.
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Appendix B

Magnetic characteristics

B.1 Introduction

This appendix presents a summary of the magnetic characteristics of trans-
former core such as B — H curve, residual flux and saturation flux in order
to realize the inrush transient phenomenon.

B.2 The B — H curve

For magnetic material of transformer core, there is a relationship between
the magnetic flux density (B) and the magnetic field strength (H) which
can be represented as a graph [111]. The mentioned graph is called magne-
tization curve or B — H curve.

B (Wb/m?) Knee point Safuration
D

C
¢ +B,

Instep,

F, A

9 / ) H(AT/m)
!

"B,

Figure B.1: B-H curve.

The above nonlinear B — H curve illustrates a hysteresis loop which consists
of some portions as: [111]
OACD:
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e Initial segment (O-A): In this portion, the amount of flux density
does not rapidly increase for the low values of the magnetic field
strength. This section can be shown by curve OA. The point A is
called as instep.

e Middle segment (A-C): In this section, when H enhances, the B in-
creases quickly. This is almost straight line curve. At point C, it starts
bending again. The point C in which this segment bends is called as
knee point.

e Saturation segment (C-D):
After the knee point, rate of increment in B decreases drastically and
the slope g—g in this portion becomes a air-core inductance.
Eventually, the curve becomes parallel to H axis indicating that any
increase in H is not going to cause any variation in B. This area is
known as saturation region.

D-E: In this part, current is reduced to zero, but core can not be completely
demagnetized. OE represents the residual magnetism and residual flux den-
sity (By).

E-F: The current is reversed and increased in the reversed direction to get
complete demagnetization of the core.

F-G: In the FG region, the current is increased in reversed direction till sat-
uration in opposite direction is achieved.

G-I: Here, the current is reduced to zero but again flux density lags and core
can not be completely demagnetized. OI represents residual flux density in
other direction i.e. —B,..

I-J: The current is again reversed and increase till complete demagnetization
is achieved.

J-D: In this region, the current is again increased in original direction till
saturation is reached.

It should be noted that the nonlinear B — H curve can be represented as a
piece-wise linear curve, as shown in Figure B.2 [112].

To convert the (B — H) curve to a (¢ — i) curve, two equations are applied
as follows [80]

I=—H (B.1)
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B
+Bsat 77777777777777777777777777777 /

"""""""""""""""" 'Bsat

Figure B.2: Piecewise linear B-H curve.

¢ = BA (B.2)

Where [ represents the magnetizing current, N is the number of turns per
phase, d shows the mean length of the winding, ¢ is the flux and A is the
cross-sectional area of the core.

The amount of A is dependent on the situation of the magnetic flux density
(B) relative to the saturation point of the B — H curve [80, 86].

According to Equations (B.1) and (B.2), it can be concluded that the vari-
ations of B and H lead to the changing of the flux and magnetizing cur-
rent, respectively.

Moreover, the (¢ — i) characteristic curve of the transformer core is provided
by the manufacturer [86].

B.3 Residual flux

At the instant of transformer disconnection from a supply source, a certain
amount of flux will remain in the magnetic core which is called residual flux
(®,) [60]. In fact, the reason of its occurrence is the remanent magnetization
of the core after the transformer de-energization [113].

The existence of residual flux, as initial magnetic flux left in the core, rep-
resents one of the hysteresis characteristics of the core. This flux is a vector
with direction and numerical value [114]. Figure B.3 illustrates a hysteresis
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curve for a core driven into the saturation. In this figure, £®, shows the
residual flux when the transformer is de-energized and Subsequently, the
current is interrupted.

Figure B.3: Hysteresis loop.

The direct measurements of the residual flux in the transformer core are not
easy, therefore, several indirect techniques are available in order to approxi-
mate it [70, 114]. The most well-known method for obtaining the residual flux
is based on the integration of the winding voltage during the de-energization
process. [70, 115, 116].

Hence, the residual flux can be calculated by the following equation at the
time of transformer de-energization, tge—energization [S6).

by = Jb/u(t)dt (B.3)

using v(t) = vg sin(wpt) in the Equation (B.3), it can be deduced that [86]

(Z)r = _(Z)O Cos(w(]tde—energization) (B4)

Due to the presence of DC component, the estimation of residual flux by
using this approach is hardly fulfilled.

The residual flux magnitude for power transformers is usually in the range
of 70 to 100 % of the nominal magnetic flux [1].

0.7(p-u.) {|¢r| (1(p-u)(B.5)

It is noticeable that the magnitude and polarity of residual flux in the trans-
former core influences on the peak inrush current [114]. Hence, the study
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of residual flux has a considerable importance in the investigation of inrush
current.

For the three-phase transformer energization in this chapter, it is assumed
that the @, includes the values of +94, -94 and +84 % of the magnetizing
flux in the first, second and third limbs of transformer, respectively.

B.4 Saturation flux

Figure B.4 illustrates how the magnitude of the inrush current are related to
the residual flux and the angle of the system voltage at the time of switching
on.

[0
R e
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|
|
|
i
|
JOm N . :
+ol/ S N SN\ i
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Energizatiof i
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I
"""""" Prospective flux
—— Total flux linrush
—— Inrush current
—— Voltage
t

Figure B.4: Magnetic flux and inrush current during core saturation.

As shown in Figure B.4, a no-load transformer with a positive residual flux
is energized at the positive zero crossing of the sinusoidal voltage.

At this instant, the prospective flux has the peak value with a 90 electrical
degree delay and also it is the same direction with the residual flux. The
mentioned prospective flux will circulate within the transformer core under
steady-state conditions and its value is obtained by the integral of the en-
ergized voltage. Therefore, a total flux in the magnetic core of transformer
which is sum of the prospective flux and the residual flux is generated and
follows the residual flux and attains its highest amplitude with a 180 elec-
trical degrees delay [117].

The total flux of the magnetic core during the first period of energization
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can be mathematically characterized by [117]

o0 = [ ot + o, (B.6)

solving of the Equation (B.6) and substituting v = v, sin(wt + #) and
¢m = 3=, the total flux can be deduced as follows [118]

¢ = —¢m cos(wt + 0) + ¢, cos(0) + &y (B.7)

where vy, is peak value of the applied primary voltage, 6 is the phase angle
of voltage at switching instant, ¢,, is the peak value of magnetic flux, ¢, is
the transformers residual flux and N is the number of turns in the primary
winding [117].

Once transformer is switched on at the positive zero crossing of the sinu-
soidal voltage, e.g. # = 0, and the direction of prospective flux is equal with
that of the residual flux and also wt = 7, the highest magnitude of the total
flux becomes [74, 68|

Consequently, at this level of flux, the magnetic core is fully saturated and
hence, a high unsymmetrical magnetizing current corresponding to this to-
tal flux is drawn by the primary winding to be able to support this value
of flux [117]. In this condition, the instantaneous inductance of the magnet-
ic core is very low and equal to the air-core inductance of the transformer
winding [119].

However, when the transformer is energized at the peak value of voltage, nam
ely § = /2, the transient flux and the inrush current will reduce, because
the value of prospective flux is zero. Therefore, the value of total flux be-
comes ¢, + ¢y [74].
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Parameters calculation of the
transformer equivalent circuit

C.1 Introduction

In order to use the T-equivalent circuit, the determination of its parameters
is necessary. Hence, these specifications can be estimated from transformer
geometry or from measurements of the open-circuit and short-circuit tests.
Due to the manufacturers of power transformers do not usually prepare the
design and construction information of transformers, the parameters can be
derived from these tests [78]. The winding resistances and leakage induc-
tances of the transformer equivalent circuit can be obtained based on the
short circuit tests. Also, the magnetizing reactance and the resistance repre-
senting losses in the transformer core can be calculated through open circuit
tests [73, 90].

In this study, due to the lack of information of open-circuit and short-circuit
tests for transformer with power 350 MVA and voltage 195/33 kVA and
also, the lack of the transformer geometry, the parameters are defined ac-
cording to the following sections.

C.2 Voltage and current at the primary and secondary
Windings

The nominal currents of primary and secondary windings are obtained based
on the Equation (C.1)

s
V3 vi-p

where vy, shows the line voltage at the primary or secondary side and .S
is the power of three-phase transformer. Also, in the windings with structure

I, = (C.1)
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Appendix C Calculation of equivalent circuit parameters

of star

_vpp
Uphase = W

and in the delta connected windings

and  Iphase = 111, (C.2)

I,
Uphase = VL—L and Iphase = T = (CB)

V3

C.3 Winding resistances and the leakage inductances

In the three-phase transformers, the base impedance for the primary and
secondary windings with configurations star, Y, and delta, A is defined as

vi_

Zyy = LSL (C.4)
. ’U%fL

Zyn =3 g (C.5)

Based on the base impedance and the topology of windings (Y or A), the
leakage inductance and resistance of both windings are calculated as

Uy
X =100 Zev/a) (C.6)
X
L=— .
- (C.7)
Ur
R =150 Zoevya) (C.8)

where w is the angular frequency. It should be noted that Ur and Ug in
the primary and secondary windings are identical.

C.4 Characteristics of the core

The magnetizing curve used in the saturation model of the transformer
core can be approximated based on the fluxes and currents produced at the
transformer primary winding during energization. These fluxes and currents
are required for obtaining the magnetizing inductance and are as follows

¢ = ¢pu‘ ¢b (09)

imag = Gpu- i (C.10)
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C.4 Characteristics of the core

where the base of flux and current are computed as follows

&= V2 L”Zﬁ““ (C.11)
iy = V2 5 (C.12)
Up,phase

where S is the power for single phase transformer and vy, yhqse is the phase
voltage at the primary side. In this chapter, we assume that ¢, = [0, 1.25, 1.45]
pu and ip, = [0, 0.0012, 1] pu.

The value of core losses resistance is based on the nominal power of three-
phase transformer and the voltage of the primary winding, which is defined
as

2

Ry = R pu ULT*L (C.13)

It should be noted that R, ,,=500 pu is applied in the Equation (C.13) in
order to generate 0.2 of active loss at rated voltage.
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Appendix D

Calculation of Flux offset impacting
on recovery inrush current

Analytical calculation of DC component of total magnetic flux when the
voltage returns to the pre-fault value is determined in this section. This DC
component is the main reason of the transformer recovery inrush current
generation. Hence, in order to obtain this factor, the total flux of the mag-
netic core, ¢;, which is sinusoidal, is characterized according to the following
equations [103, 118].

1 t
0i0) = b+ 7 [ oy

Umi . Umj .
= ¢rj — ]\Tj) sin(0; — w/2) + N—:} sin(wt + 0; — 7/2) (D.1)
= 9y + 9 co5(0) — g cos(evt + )

Ed)j,dc Equ,steadyfstate

where ¢, ; represents the residual value of the magnetic flux, v; = vy, sin(wt+
6;), vm; is peak value of the voltage applied to the transformer, ; is the
phase angle of voltage, ¢,,; is the peak value of magnetic flux and NV is the
number of turns in the primary winding.

In the steady-state operation of transformer, the DC' component of total
flux ,¢; 4c, is zero. Namely, the following condition is correct for the initial
flux, as the mean value of the transformer flux is zero.

®mjcos(0;) + ¢drj =0 (D.2)

and accordingly, the equation of total flux in the steady-state can be de-
duced as

¢ = —¢mjcos(wt + 0;) = % sin(wt + 60; — 7/2) (D.3)
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Appendix D Calculation of Flux offset

supposing the voltage sag occurrence in the system, the voltage applied to
the transformer for conditions: before, during and after the sag can be ex-
pressed as [103, 104]

vj(t) = vy sin(wt + 0;) 0<t<t
Ui = Visag(t) = Umjsag SN(WE + 0 sag) 1 St <1f (D-4)
vj(t) = vy sin(wt + ;) tp <t

where pre- and post-sag voltages are equal to the peak voltage value (vp;).
Also, vj sqq represents the value of voltage during sag.

According to the Equation (D.1), the magnetic flux of transformer can be
obtained at any instant even when the voltage varies under the sag. There-
fore, the flux after the fault clearance can be defined as follows [103]

I I 1t
00 =y [ i@t [ it [ 05)

where sag takes place between time interval [t;,¢f]. These instants indicate
the occurence time and the finish time of voltage sag, respectively. Consid-
ering the following equation [103].

/ t)dt = N/ dt+/ dt+/
= ]b/otvj(t)dt—]i[/t;f v;(t)dt = ]i[/ot Uj(t)dtﬁ-]b/t:vj(t)dt (D-6)

and substituting this equation in the expression (D.5), the post-sag flux can
be written as

6,0) = b 7 [ 0Ot + 5 [ n® =it @)

where the two first terms are identical to the terms of the flux formula in
the steady-state case of transformer. Therefore, the total magnetic flux as
the voltage returns to the nominal value can be defined by additional DC
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magnetic flux to the steady-state flux.
¢;(t) = —mj cos(wt + 6;) + ¢ dc (D.8)

Hence, the DC component of the transformer total magnetic flux which is a
constant component can be determined as follows

Biaclt) = 7 | (hsas(t) = vy (0 (0.9)

where the magnetic flux deviation (¢; 4.) represents the flux disturbance in-
duced by the grid voltage sag, v; and v; sq¢ indicate the transformer voltage
in the normal and sag conditions, respectively. The value of this DC compo-
nent of flux ,@; 4, is not null when the voltage is recovered. As a result, the
magnitude of total flux will be high under this situation and the transformer
saturation phenomenon can easily take place.

Eventually, with assumptions vj sog = hvj, At =ty —t; and ¢; = wt; + 0;
and substituting in the previous equation, the value of constant flux can be
concluded as

Djde(t) = % . f(h — 1)v;(t)dt
2(h — 1)vp;
_ \[(Nw)] [sin(wt; + 8 — 7/2) — sin(wt; + 0, — 7/2)]
2v/2(1 — B)vm; |
- DL (st — ) ()

(D.10)

where h is the magnitude of voltage sag [104, 105].
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