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Excellence is an art won by training and
habituation. We do not act rightly, because
we have virtue or excellence, but we rather

have those because we have acted rightly. We
are what we repeatedly do. Excellence, then,
is not an act but a habit.

“Aristotle”
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The COBRAcable project is one of the major interconnectors being constructed in the North Sea,
connecting the Netherlands with Denmark. It is a 325 km submarine cable which will have the ability to
transfer 700 MW. The importance of the interconnector is manifold: to facilitate the exchange of renewable
energy coming from the onshore Danish power system. Since electricity demand and supply of wind energy
is geographically spread an adequate transmission capacity is essential for the growth of renewable energy.
The link will also provide a strong connection that will enhance the security of supply in the Northwestern
European region. That is in line with the ambitions of the EU for a stronger interconnected European
electricity transmission grid and it will be a backup in case of breakdowns.

Moreover, it will enhance the internal European electricity market. COBRAcable will contribute to the
development of the internal European electricity market and specifically contribute to the further
investigation of the Northwest European electricity market. Lastly, COBRAcable has been granted a
European subsidy for researching and developing activities necessary for the connection of wind farms to
the cable.

The main focus of the present thesis is to create a RMS model of the COBRA cable project in PSSE
software. The starting point of the master thesis project was a basic model of a VSC station which consisted
of the basic VSC converter controllers: the active power controller, the reactive power controller, the AC
voltage controller and the DC voltage controller. Gradually, the active and reactive power controllers were
upgraded in order to support the special functions of the COBRAcable project. Also, an equation regarding
the injection of reactive current was added to implement the fault ride through capability of the converter.
In the end, the responses of the final model created throughout this master thesis project were compared
against the responses of the model built in Powerfactory, which was created in more detail and was already
compared against the results of the EMT model in PSCAD.

The modelling framework for VSC — based HVDC transmission system was initially developed and tested
in a benchmark system consisted of two areas. Both areas had three buses connected in a meshed
configuration and the performance of the controllers mentioned above was evaluated there. Following the
benchmark system, the modelling framework was then tested with a reduced model of the Dutch power
system around the Eemshaven region.

Different tests were defined in order to evaluate the suitability of the model and in more details to evaluate
the performance of the controllers. To evaluate the performance of the active power controller several cases
were introduced associated with the special functions of the COBRAcable regarding the regulation of active
power. The reference of the reactive power was changed and the performance of the reactive power
controller was tested while using different ramping rates. Moreover, the voltage at the point of common
coupling was changed in order to assess the performance of the AC voltage controller. Finally, the equations
regarding the injection of reactive current were used to evaluate the fault ride through capability of the
converter.

From the simulation results, it was observed that the active and reactive power controllers were able to
follow the changes of the reference power quite stably regardless the different ramping rates that were used.
The reference changes created a dynamic behavior regarding the performance of the AC voltages of the



buses in the Dutch power system. The investigation regarding the AC voltage controller led to the
conclusion that there is a limit on how much you can increase and decrease the voltage at the PCC. The
equations associated with the fault ride through capability have shown that the converter is actually trying
to inject reactive power when the voltage has dropped below certain levels. In the end, the creation of a
user — written model of the COBRA cable project in PSSE added an increased level of complexity. The
absence of block diagrams with their respective signals as well as the required knowledge of the software
made the translation of the control structure of the VSC station from the Powerfactory model difficult.
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Chapter 1: Introduction

1.1 Motivation

The COBRAcable is a joint project of TenneT and Energinet. The interconnector will provide an electricity
connection between Endrup (Denmark) and Eemshaven (The Netherlands). It consists of a 325 km long
subsea cable with a projected capacity of 700 MW and creates the first direct link to Denmark (Figure 1).
The purpose of this project is to allow the transportation of more renewable energy into the European power
grid through the Dutch and Danish system and also to increase the competition of the northwest European
electricity markets.

NL

Eemshaven Endrup
o e o Netherlands German Denmark e o o
territorial
e = waters .s.o
P w )
-------------- L R

HVAC HVDC HVAC

o Existing electricity grid (alternating current) o Onshore cable (direct current)

e High-voltage substation (alternating current) e Subsea cable (direct current)

0 Converter station (alternating current/ direct current)

Figure 1 - COBRA cable project!

DK

The COBRAcable consists of a 320 kV HVYDC MIND/XLPE cable with two converter stations of 700 MW.
Both converter station will be using HVDC plus voltage source converters with a multi — modular converter
arrangement which will converter the AC to DC and vice versa. In comparison with the line — commutated
technology (LCC), the HVDC plus system operates with IGBT, thus the commutation processes in the
power converter run independently of the grid voltage. The fast control and protective capabilities of the
converters provide stability in the transmission system, which help to reduce the grid faults and disturbances
in the three — phase AC network.

The key objectives of COBRAcable are [1]:

1. To facilitate the transport of renewable energy. The generation and demand of energy is volatile.

1 https://www.tennet.eu/our-grid/international-connections/cobracable/
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Therefore, the need for adequate transfer capacity is essential. Moreover, the connection of offshore
wind farms in the COBRAcable is also foreseen.

2. The creation of a bigger, stronger, interconnect European electricity grid.

3. Enhancing the security of supply in the Northwest European electricity market which will create an
alternative connection in case of breakdowns and will be a balancing tool for the volatile renewable
energy.

4. To boost the playing field of the European electricity market. The COBRAcable project will connect
the northwest European electricity market and further develop the internal European electricity market.

The benefits of COBRAcable will contribute to the improvement of the European electricity market with
an increased efficiency of the available generation capacity and socioeconomic welfare, as well as achieving
the objectives of the EU climate and sustainability policy, while ensuring security of supply and technical
resilience of the system. The following specific benefits, can be identified [1]:

» The congestion revenues comprise the revenues directly generated by allocation of the transfer
capacity of COBRAcable to market participants, either directly through an explicit auction or
indirectly by applying market coupling through power exchanges.

> Increases the socioeconomic welfare by providing adequate transfer capacity so that the electricity
markets can trade power in a more economically efficient manner, thus increasing the total surplus
in the connected countries.

» Increase security of supply and help the system provide and/or safeguard an adequate and secure
supply of electricity under ordinary conditions.

> Supports the integration of renewable energy resources by allowing the connection of new
renewable energy and unlocks the existing and future green generation thus minimizing
curtailments.

» Reduces the CO2 emissions by increasing dispatch of generation with lower carbon content.

» Resilience and safety of the equipment and the system so that it can withstand increasingly extreme
system conditions.

» Offers flexibility in order to be used in different future development paths or scenarios, including
trading or balancing services.

1.2 Research objectives

The focus of this master thesis project is to obtain a RMS model of the COBRAcable project in PSSE. The
features of the COBRAcable project will be tested in order to check the accuracy of the features designed
in PSSE with the real operational needs of the project. The model created in PSSE will be compared against
the model created in PowerFactory with the same aggregated network that represents the Eemshaven region
and with the same generic CIGRE model for the control schemes of the VSC stations. Moreover, the extra
features that are included in the COBRAcable project will be also compared to ensure that the results
obtained are close to reality. Since accuracy refers to the closeness of a measured value to a standard or
known value, it is important to see whether the results of the PSSE model are close enough with the ones
obtained from the PowerFactory model.
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1.3 Research approach

The research procedure was initiated in January 2017 with the literature review about the VSC — HVDC
technology and the control structure of VSC stations. Simultaneously, a learning procedure had been started
in order to get familiar with the modelling capabilities and also with the graphical interface of Siemens PTI
PSSE package, the simulation tool that was used throughout this project.

The next step was to get acquainted in a better way with the modelling procedure in PSSE and how it was
possible to create a user written model of a VSC — HVDC station. For that reason, an existing model of a
VSC — HVDC station written in FORTRAN was used as the reference for research, which have been
previously developed within a master thesis project at TU Delft in [2]. These models have been further
upgraded to the real needs of the COBRAcable project with all the extra functions.

Special features regarding the active power regulation have been modelled in order to simulate the actual
regulation of the active power once the link will be in operation. A reactive power controller which offer
the ability to ramp the reactive power based on the needs of the system is also introduced in this project.
Last but not least, a fault ride through capability is being offered in this project in order to see how the VSC
station provides reactive current in order to boost the AC voltage of the system that it is connected to.

In order to proceed into the final stage, the models will be compared iteratively once they are completed.
For that reason a comparison process will take place by implementing the models into the aggregated Dutch
system representing the Eemshaven region. The comparison process will be performed by the author of this
master thesis project and the PhD candidate Arcadio Perilla who is also an active member of the
COBRAcable project. To compare, two different software were used: PSSE and PowerFactory. A test
matrix was created in order to ensure that the operation of the controllers is correct and represent the real
operation of the controllers of the COBRA cable project.

1.4 Expected results

The ultimate goal of this master thesis project is to create the COBRAcable project into PSSE software and
investigate the effects of the link once the interconnector is in operation. For this to become a reality, a
working model of the HVDC link will be created in PSSE software and a special focus will be given for
the extra features of the control structure of the station so that the model will be able to represent the reality
of the system.

Once the model has been established, a test matrix, to evaluate the performance of the controllers will be
used. The test matrix will reveal valuable information regarding the performance of the active power
controller, reactive power controller, AC voltage controller and also the fault ride through capability,
referring to the capability of the converter to support the AC voltage by injecting reactive power during
faults. The results will demonstrate the behavior of the controllers and also the reaction of the Dutch system
while performing the contingencies described in the test matrix.

Lastly, the comparison process will reveal the accuracy of the two models. Keeping in mind the assumptions
made for both models, the results will provide a better insight on the differences between the two models.
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1.5 Thesis contribution

The contribution of the present thesis is to create a dynamic model of the COBRAcable project into PSSE
software that could be used in the future for stability analysis problems regarding the issues that the
interconnector could create when it will be in operation. In more specifics, the thesis shows the performance
of the controllers while being subjected to active power regulation, reactive power regulation, AC voltage
performance and fault ride through capabilities. Also, the current model could be used a starting point for
the creation of extensions of the control structure of the VSC station.

The present thesis could also be of use for studies regarding the implementation of user — written models
in PSSE. For that reason, a detailed guide of how the current project was executed using the necessary
software will be given in the Appendix B. The guide will help the reader to get familiar with the software
and also give an insight of the difficulties of creating a model.

1.6 Thesis outline

The report is organized in 6 chapters. Chapter 2 gives an overview regarding the HVDC technology up to
date. Chapter 3 introduces the models that were created in FORTAN and their interaction with each other.
Moreover, a detailed analysis of the controllers used in the project is given. Also, a short overview of the
steps followed for the implementation and the execution of the simulations is given. Chapter 4 describes
the system and the case studies that were investigated in the project. Chapter 5 evaluates the performance
of the controllers using two different software. Final conclusions are drawn in Chapter 6.
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Chapter 2: High Voltage Direct Current Transmission

2.1 Introduction

The use of power electronics in the HVDC technology facilitates an efficient and flexible method to transmit
a vast amount of power over long distances either with overhead lines or underground/submarine cables. It
offers also the possibility to connect two different systems, when the AC connection cannot be used. Until
recently, the HVDC technology was based on thyristors called classic HVDC or traditional HVDC and was
used to convert the AC to DC and vice versa.

However, new implementations into power electronics helped create a new type of HVDC. It uses a more
advanced semiconductor technology instead of thyristors. The semiconductors are Insulated Gate Bipolar
Transistors (IGBTS), the converters are called Voltage Source Converters (VSC) and they operate in high
switching frequencies (1-2 kHz) using pulse width modulation (PWM). The VSC — based HVDC
technology has several advantages over the classic HVDC transmission, such as independent control of
active and reactive power and reverse the power flow without changing the polarity of the DC voltage.

2.2 Converter arrangements

The bridges and the cables of the HVDC converter can be arranged into different configurations for
effective utilization. The bridges can be either monopolar or bipolar as shown in Figure 2 and described
below:
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Figure 2 — Monopolar (a) and bipolar (b) connection of HVDC bridges
1. Monopolar HVDC system

In this configuration, two converters are used which are represented by a single pole line and a positive or
negative DC voltage is used. In Figure 2(a), one transmission conductor exists and the ground is used as
the return path for the current.

2. Bipolar HVDC system
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It is the most common configuration used in a HVDC power transmission system. In Figure 2(b), the bipolar
circuit link has two conductors that are used as plus and minus poles. If the neutral is grounded, then the
two poles can be used independently. This increases the transfer capacity. In normal operation the currents
flowing through each conductor are equal and there in no ground current. However, in case of a fault one
the two poles can continue transmitting while the other is blocked thus increasing the reliability of the
system.

The selection of the configuration of the HVDC systems depends on the function and the location of the
converter stations. Several schemes and configuration for the systems exist and are shortly described below

[3]:

________

Figure 3 - Arrangements of HVDC systems. (a) Back — to — Back HVDC system, (b) Two terminal HVDC system, (c)
Series multi — terminal HVDC system and (d) Parallel multi — terminal HYDC system

1. Back —to - back HVDC system

In this cases the converter stations are located in the same area but no line or cable is required to connect
the converter bridges. The connection could be either monopolar or bipolar. A block diagram of a back —
to — back system is shown in Figure 3(a). The two AC systems that are interconnected may have the same
or different nominal frequency.

2. Transmission between two substations

This configuration is used when there are economic incentives to transmit electric power through a DC
transmission from on location to another, as seen in Figure 3(b). Power is being transferred from one
terminal called a rectifier to the other terminal operating as an inverter. This is the most typical configuration
of HVDC transmission systems.

3. Multi — terminal HVDC transmission system

The use of three or more HVDC substations connected with transmission lines or cables then the HVDC
transmission system is called multi — terminal as shown in Figure 3(c) (d). Multi — terminal DC systems are
more difficult to justify economically due to the cost of the additional substations.
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2.3 Classic HVYDC transmission

2.3.1 Configuration of classic HVDC systems

A classic HVDC system, shown in Figure 4, consists of AC filters, shunt capacitor banks or other reactive
— compensation equipment, converter transformers, converters, DC reactors, DC filters and DC lines or
cables [4].
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Figure 4 - Configuration of a classic HVDC system [7]

The valve type in the classic HVDC converter is the thyristor. Thyristors are able to conduct high currents
and can block high voltages [5]. In the classic HVDC, a 6 — pulse bridge is the basic converter unit which
can be used both as a rectifier or inverter. To create a 12 — pulse bridge, two 6 — pulse bridges can be
connected either in parallel or in series. The bridges consist of a specific amount of thyristors connected in
series. They are connected in the AC system through converter transformers in Y-Y and in Y-A winding
configurations. By doing so, the 5" and 7" order harmonic currents through the transformers are in opposite
phase which helps reduce the distortion in the AC system [6].

The converters are the most vital part of the HVDC system. Their purpose is to convert the power from AC
to DC at the rectifier station and from DC to AC in the inverter station. Moreover, the converters are
connected to the AC side in the point of common coupling with a converter transformer. The converters
used in the classic HVDC transmission are the Current Source Converters (CSC). On the AC side, the CSC
acts as a constant voltage source. It requires a capacitor as an energy storage device, large AC filters for the
harmonic elimination and a reactive power supply for power factor correction. On the DC side, the CSC
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acts as a constant current source. In this case, the CSC requires an inductor as its storage device and DC
filters that provide appropriate fault current limiting features.

2.4 Design and operation of VSC HVDC

2.4.1 Configuration

The configuration of a VSC — HVDC system is shown in Figure 5. It consists of AC filters, transformers,
converters, phase reactors, DC capacitors and DC cables. A short description about the components is given
below [7]:
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Figure 5 - Configuration of a VSC - HVDC station [24]
Converters

The converters are VSCs employing IGBT power semiconductors, one operating as a rectifier and the other
one as an inverter. The converters are connected either back — to — back or through a cable depending on
the application. The DC link capacitances are connected in parallel to the bridges which maintains the DC
voltage level constant [8].

Transformers

The converters are connected to the AC system via transformers. The most important function of the
transformers is to transform the voltage of the AC system to a voltage value suitable to the converter. They
also provide a galvanic barrier between AC and DC sides. This is important since some faults in the AC
system create overvoltages in the healthy phases.

Phase reactors

A phase reactor is connected in each phase. The main contributions of the phase reactor are the following:
reduce the high — frequency harmonics in the AC current, provide independent control of active and reactive
power by controlling the current that flows through the reactor and limit the short — circuit currents.

AC filters

The constant switching of the power electronics (IGBTSs) induce harmonic components in the AC voltage.
If these harmonics are neglected they could create problems with the AC equipment or create
telecommunication disturbances. To avoid that, high — pass filter branches are installed in order to take care
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of the higher order harmonics.

DC capacitors

On the DC side there are two capacitor stacks of the same size. The objective of the DC capacitor is
primarily to provide a low inductive path for the current and an energy storage to be able to control the
power flow. The capacitor also reduces the voltage ripple on the DC side. Disturbances in the system will
cause DC voltage variations. The ability to limit these voltage variations depend on the size of the DC
capacitors.

2.5 VSC modelling

The representation of a VSC model can be performed either in detail or by using an average model. If
chosen to create a detailed model, then the semiconductor components present in the VSC station must be
included as a single unit and be represented in the model. Using a detailed model is significant to study
lower level control of the VSC station such as PWM switching and sub modules arm voltage control. The
drawback using a detailed model compared to an average model is simulation time, thus an average model
has been used throughout this master thesis project. Moreover, in an average model, a controllable AC
voltage source is connected to the AC side and a controllable current source is connected to the DC side
[9]. The AC and DC side representation can be shown by using Figure 6 [10].
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Figure 6 - VSC dynamic model for transient stability simulations [10]

In PSSE, an averaged VSC model is used [10]. The DC side is represented by a varying current source and
the AC side by a time varying Norton current injection. Since the majority of the VSCs connected to AC
systems use vector control, the terminal voltage of the VSC is controlled in such a way that the VSC behaves
as a current source. The Norton current injection is given by [10]:
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where Isgpc IS the current injection of the converter, Vpccis the voltage at the point of common
coupling, irefvsc,dq is the vector containing the d and g axis components of the current.

Because of the symmetrical nature of the AC network model, the distribution of power among the poles of
the DC side of the VSC is equal. For this reason, a monopolar representation of the DC scheme is used to
save computational power. At the DC side, the VSC exhibits current source behavior due to the control
scheme and the connected phase reactors. Therefore, the AC/DC interaction of the VSC is governed by the
active power balance as [9]:

I lzi__Pc_Ploss
Pes ™ 2u; 2U;

(2.2)

where P. is the VSC terminal power, P, are the switching losses.

2.6 Operating principle of VSC — HVDC system

The operation of VSC — HVDC can be explained by considering each terminal as voltage source connected
to the AC transmission network via series reactors and transformers. The two terminals are then connected
via a DC link as shown in Figure 7.
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Figure 7 - Topology of a VSC - HVDC connection [7]

The converter can be represented on the AC side as an AC voltage source where the phase, frequency and
amplitude can be controlled independently from each other. This means that the bridge of the VSC can be
seen as a very fast controllable synchronous machine with the voltage (Vi in Figure 7) as described by the
following equation:

1
Vyi = 5 Upcmsin(wt + @) + harmonic terms (2.3)

where m is the modulation index which is defined as the ratio of the peak value of the modulating wave
and the peak value of the carrier wave, o is the fundamental frequency, ¢ is the phase shift of the output
voltage depending on the position of the modulating wave. The VVSC controller can change the variables m
and ¢ independently, resulting in various combinations of voltage magnitude and phase shift in respect with
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the fundamental frequency voltage in the AC system. This means that the voltage drop which is present
across the reactor can be used to control the active and reactive power flow.

The active power flow between the converter and the network can be controlled by changing the phase
angle (¢) between the fundamental frequency voltage generated by the VSC (V2) and the voltage on the
bus (V1i). The power is calculated according to equation (2.4).

_ VyVysing
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(2.4)

The reactive power flow is determined by the amplitude of V.i. The reactive power is calculated according
to equation (2.5).
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Figure 8 - Phasor diagram

The phasor diagram in Figure 8 demonstrate how the signs of the active and reactive power depend on the
phase and the amplitude of the voltage generated by the converter assuming that the voltage at the bus
remains constant. For example, if the voltage at the bus is leading the voltage of the converter, then active
power flows from the AC network to the converter.

In VSC — HVDC connections, the active power flow on the AC side and DC side if the losses are
disregarded. It is possible to achieve this, if the one of the two converters is in active power control mode
and the other one in DC voltage control mode. The generation and the consumption of the reactive power
of the converter can be used to satisfy the needs of the connected network. In Figure 9, the active and
reactive power capability of the converter can be seen. The VSC — HVDC is able to operate at any point
inside the circle, while the circle represents the power ratings of the converter in MVA [11]. The reactive
power capabilities of the converter can be used to control the AC voltages of the networks connected to the
converters or to support the network during faults. Moreover, the active power can be transmitted
bidirectional only to be limited by the rating of the converter.
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Chapter 3. Dynamic model and control system of a
VSC — HVDC network

3.1 Introduction

In the first part of this chapter a schematic model of the VSC is given. The common approach to represent
a VSC model in power system stability studies is by using an average phasor model [12]. As for the HYDC
cables a m — equivalent circuit modeled has been adapted as it is the most common approach to model
HVDC cables in stability studies [13] [14]. The second part of this chapter describes the control structure
of the VSC. A detailed overview of the controllers used in this thesis is given, which was based on [15].
The last part of this chapter describes the user — written models that were created in order to simulate a
VSC — HVDC system.

3.2 Generic VSC — HVDC model

The VSC — HVDC converter is connected to the AC system through a phase reactor and a transformer. In
Figure 10 the building blocks of the VSC — HVDC transmission system are introduced. The converter
utilizes the IGBTSs to create the three phase sinusoidal voltage waveform. The transformer changes the AC
voltage of the converter to the AC voltage of the system at the point of common coupling. The phase reactor
is used to reduce high order harmonic contents of the current that are created by the switching of the IGBTS.
The AC harmonic filter which is located between the phase reactor and the transformer is used to suppress
high — frequency harmonics into the AC side of the VSC station.
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Figure 10 - Blocks of the VSC - HVDC transmission system [16]
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From the DC side of the converter station there is a DC capacitor connected to the terminal of the HVDC
cable. The main functionality of the DC capacitor is to lower the voltage ripple in the DC side and help
maintain the direct voltage constant.

A schematic representation of the system can be seen in Figure 11.
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Figure 11 — Schematic representation of the VSC — HVDC system

For stability studies, it is common to represent the converter module by controlled phasor average models.
To analyze the system connected to the grid in Figure, standard Kirchhoff’s voltage law is used, thus the
voltage at the gird side of the converter can be described as:

d . .
Eape = Lalabc + Vape + Rigpe (3.1)

where v, are the converter input voltages, i, are the grid side currents, E,; . are grid voltages, R and L
are the resistance and inductance respectively between the converter and the grid.

However, in most power system studies a dq reference frame is adapted due to the advantages it offers to
the calculations.

To successfully transform the abc quantities [29] [30] to the dq reference frame, Park’s transformation is
used (see Appendix A). After deriving the Park’s matrices and neglecting the zero component, equation
(3.1) can be transformed into the dq reference frame.

By neglecting the zero component the following equations are derived:

. d . :
Eq=v4+Rig+ Lald —wsliy (3.1)

, d. ,
Eq =vq +Rig + L&lq + wsLiy (3.2)

By using equation (3.1) inside the of reference frame the following equation is obtained:
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The equation that allows the transformation from the off reference frame to the dq reference frame is given

by:

The angle ot is provided from the phase locked loop (PLL). The PLL is the control system that acts upon
the phase difference between the reference signal and the input, such that, the phase of the output is locked

to the phase of the reference.

Edqe]“’t =

By dividing the equation (3.9) with e/©¢ the differential equations of the AC circuit of the VSC in the dg

reference frame are obtained.

d . .
Eaﬁ —Vap = Lalaﬁ + Rla/j’ (33)

Xop = Xgq€’°" (3.4)

) . . d )
Vaqe!®t + Rigge!®t + e/t L —iy, + jwLe!®tiy, (3.5)

dt

d
Ed =vg + Rld + Lald - (A)qu (36)

. d. .
Eq; =vq +Rig + Lalq + wliy (3.7)

3.3 DC cable equivalent model

The equivalent model that represents the DC cable for the transient stability studies is shown in Figure 12.

Applying time domain circuit laws, the differential equations are [16]:

P
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Figure 12 - DC cable equivalent model [16]

dUpc
Cpc dl; L= Ipc1 — Iz (3.8)

dUpc:
CDCT =Ipcz + 112 (3.9)

dly;
LDCF = Upc1 — Upcz — Rpcliz (3-10)
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By rearranging the above equations, it is possible to obtain the state space representation of the DC cable
as showed in equation (3.15). It is also worth mentioning that the DC capacitor of the VSC station is
included and modelled within the DC cable capacitance. Thus, the DC cable capacitance is a sum of the

VSC capacitance and the  — equivalent cable model capacitance.

[ 0 0 1] 1
Cpc — 0
d Upc1 1 Upc1 Cpc I
—|Upcz| =] 0 0 — ||Upea| + 1 [D“J (3.11)
dt I Cpc I 0 —|Ubcz
12 1 1 R 12 . CSC
Lpc Lpc Lpc!

3.4 Control system of the VSC station

The control system of the VSC — HVDC is based on a fast inner current control loop which controls the AC
current. The references for the AC current are calculated by the outer controllers which generate a reference
value that goes in the inner current control loop. These controllers are: the active power controller, the
reactive power controller, the DC voltage controller and the AC voltage controller. The reference value for
the active current can be derived from the active power controller and the DC voltage controller whereas
the reference value for the reactive current can be derived from the reactive power controller and the AC
voltage controller. With this delegation, it can be concluded that the outer controllers are used to facilitate
the control of the active and reactive power flows as well as the AC and DC voltage of the VSC. The
reference value is fed to the inner current controller which calculates the voltage drop on the phase reactor
that will lead to the desired current.

The majority of the control methods implemented in the VSC — HVDC system are based on vector control.
Basically all the controllers are using PI (proportional — integral) controllers. It is obvious that not all of the
aforementioned controllers can be used simultaneously. The choice of the different controllers to calculate
the reference values will depend on the application and the power system study. For example in Figure 13,
the active power from/to the converter can be controlled by the active power controller, the reactive power
controller can control the reactive current and the AC voltage controller can control the AC voltage. It is
important to note that the active power inside the DC link must be balanced which means that regardless
the losses, the active power that comes inside the DC link must be equal to the active power of the network.
The purpose of the DC voltage controller is to control the active power balance and ensure its stability in
all cases.

The inner current controller as well as the outer controllers used in the master thesis project were modelled
based on the [14] and will be described in detail in this chapter. The performance of the controllers will be
evaluated in the following chapters.
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Figure 13 - Overall control structure of the VSC — HVDC [7]

3.5 Controllers used in the VSC

3.5.1 The inner current controller

The voltage across the phase reactor is evaluated by the inner current controller and the desired AC current
is produced without violating the maximum current of the converter.

Usually, the currents and the AC three phase voltages are transformed from the abc system to the rotating
dg coordinate system, which will then be synchronized with the AC network through the phase lock loop
(PLL). The converter voltage references will be determined by the control system in the dg framework and
then they will be transformed back to the abc quantities before they are provided to the converter’s PWM

control.

For the VSC — HVDC schematic presented in Figure 11 it is possible to write:

d
Ed = Vg4 + Rld + L_ld - (L)qu (312)

dt

d
Ey = vy +Rig + L—i, + wLig (3.13)

dt

Rearranging the equations (3.16) and (3.17) and transforming them to the Laplace domain the following

equations are obtained:
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Figure 14 - Inner current controller block diagram

From the above, it is clear that the purpose of the inner current control is to provide the voltage references
values to the VSC for any given reference current given from the outer controller. The current reference
value is the output of the outer controllers which will be described in the following paragraphs.

k:
Vg = Ed + a)qu + (kp + ?l) (ld* - ld) (316)
. AV
Vg = Eq —wlLig + (kp + ?) (lq — lq) (3.17)
The algebraic and differential equations described above need to be utilized in case a dynamic user written
model is developed in PSSE software package. Every dynamic model in PSSE is separated into modes.

Each mode represents a different stage in the dynamic simulation. For more information regarding the
creation of user written models and the description of each phase see Appendix B.

3.5.2 Quter controllers

The outer controllers are responsible for generating the reference values for the active and reactive
component currents and provide them to the inner current control. In this thesis two different controllers
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are being used for each case: for the generation of the reference of the active current component the active
power controller and the DC voltage controller is used whereas for the generation of the reference of the
reactive current component the reactive power controller and the AC voltage controller is used.

In an VSC — HVDC system where a point to point connection is in operation one of the two stations is
operated as an inverter thus controlling the active power of the link and the other station is operated as a
rectifier being responsible for the balance of the DC voltage of the link. The control of the active and
reactive power of the station can be performed independently from each other. This can be achieved by
using a proper vector control method. The principle behind it is to align the d — axis of the dq rotating
reference frame with the synchronously rotating vector of the system voltage.

Im @,

Figure 15 - Phasor diagram for vector control

In Figure 15 the phasor diagram of the VSC connected to an infinite base can be seen. It can be observed
that when the synchronously rotating vector of the system voltage U is aligned with the synchronously
rotating reference frame then there is no g — axis component of the system voltage U while the d — axis
component is equal to the voltage amplitude.

— 2 5 Ug=0 —
|Us| = Ud + Uq =|U5|= Ud (318)
The apparent power in the af reference frame is given by [27]:
Saﬁ = Paﬁ +anB = VaBiaﬁ* = (U +jUﬁ)(ia _jiﬁ)
Paﬁ = Uaia + UB"B (319)

Qaﬁ = Uﬁia - Uaiﬁ (320)

By using the equations (3.19) and (3.20), the active power can be given from the af} reference frame to the
dq reference frame by:
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Ya = YaCoswt — y,sinwt (3.21)
Vg = YaSinwt + y,coswt (3.22)
Paq = (UdCOSwt - UqSina)t)(idcosa)t - iqsina)t) + (Ugsinwt + Ugcoswt)(igsinwt + igcoswt)
Finally,
Paq = Ugig + Ugigq (3.23)
And the reactive power, respectively from:
Qaq = (Ugsinwt + Uycoswt)(igcoswt — igsinwt) — (Ugcoswt — Uysinwt)(igsinwt + igcoswt)
Finally,
Qaq = Ugiq — Ugiq (3.24)

Eventually, introducing the proper vector control method described in equation (3.18), it is possible to
decouple the control of the active and reactive power. The final form of the active and reactive power are
given by:

qu = Udid (325)

qu = _Udiq (326)

3.5.3 Active power controller

The active power controller is responsible for the active power injection of the VSC to the AC bus it is
connected to. As mentioned before, by applying a proper vector control it is possible to decouple the active
and reactive power. The active power in the dg reference frame is given by equation (3.25).

From this equations it is clear that by controlling the active current id, it is possible to control the active
power of the VSC. By inserting a Pl controller, it is possible to create a feedback loop which will control
the active power of the inverter. In Laplace domain the active power controller is given by:

*
*

i P ki N
lg = E + (kp + ?> (P - P) (327)
Regarding the active power, two special functions will be discussed. The special functions regarding the
active power regulation are called Absolute Power Control (AREG) and Delta Power Control (DREG). The
first one, the AREG, can be applied to regulate the HVDC link to a power transmission in a point of
reference that equals the set absolute final value, gradient and absolute direction. So, this means that, in
order to use AREG a new set point for the active power must be given and also a direction as well as a
gradient, a rate of change of the active power, must be given. The second one, the DREG, can be applied
to command additional power to the transferred power. DREG can be applied in addition to the AREG,
meaning that both can be in operation. The power change is being determined by the delta final value,
gradient and delta direction. This means that when AREG is in operation, a set point for that function has
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already been given. DREG requires another set point of its own operation, without obstructing the operation
of AREG. When DREG has reached its own set point, AREG is again enabled and will continue its
operation of reaching the final set point of active power. Of course, this means that DREG can be enabled
multiple times in order to achieve the final set point of the AREG faster.

The regulation must cease when the final value is attained or if a command to stop regulation is received,
if a new regulation is received during an ongoing regulation the new regulation must take over the
regulation. The results of the performance of the active power controller will be given in the following
paragraphs.
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Figure 16 - Active power controller block diagram

In Figure 16, the complete structure of the active power controller based on [14] is presented.

3.5.4 Direct voltage controller

The direct voltage controller is responsible for controlling the voltage at the terminal of the DC line of the
VSC. The DC voltage is determined by the charging power of the capacitor which is the difference between
the input active power to the VSC and the DC load power. In Figure 17, the equivalent circuit that
demonstrates the way the AC and DC part of the VSC are coupled is shown.

38



DC Cable
Grid Equivalent

Figure 17 - Equivalent circuit of the AC and DC side of the VSC

The converter behaves as a controlled voltage source from the AC side and modelled as a DC current
injection from the DC side [17]. The active power balance creates a dependency between the AC and DC
side, while the losses are not considered in this case. In reality the VSC has active power losses, but for this
study it is modelled as a lossless station. For that reason, the DC power is equal to the AC power:

PDC = PAC = Udid + Uqlq = IDCUDC (3.28)

In addition, the DC power balance at the terminal where the DC capacitor is located is given by:

1
dw, d (j CDCUDCZ)
Ppc — Ppcline = Pe = dt = dt (3.29)

By substitution of the equation (3.28) into (3.29):

1 d
Pye — PDc,line = ECDCE(UDcz) (3.30)

From equation (3.30), it can be concluded that the AC active power control is linked with DC voltage. This
means that, by controlling the active power injection of the VSC at a specific AC bus, it is also possible to
control the power balance of the DC capacitor thus the DC voltage at the terminal of the DC line.
In this way, another control loop is introduced in the direct axis component of the current reference:
P ki ;
ld =—+ (kp +_> (UDC - UDC ) (331)
Vae s

The control loop compares the reference DC voltage with the actual DC voltage measured at the DC
terminal. The error is fed to a Pl controller. In that way, it is possible to control the DC voltage of the VSC.

It is important to note that the VVSC station in order to provide the reference for the direct axis component
of the current reference, can operate either in DC voltage control mode (rectifier) or in active power control
mode (inverter).
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Figure 18 - VDC controller block diagram

3.5.5 Reactive power controller

The control of the reactive power is also an important capability of a VSC. To achieve independent control
of the active and reactive power, the same vector control method should be used as in the case of the active
power controller. Reactive power in the dq reference frame is given by equation (3.26)

From that equation, it can be seen that by controlling the reactive current ig, it is possible to control the
reactive power. Therefore the reactive controller is given by:
. Q" k; .
g = —V—+ k, +? Q-0 (332
ac
Given a reactive power reference, the controller will regulate the injection of the reactive power at the point
of common coupling.

The inherent reactive power capability must be possible to be continuously controlled, although transfer of
active power have higher priority than reactive power in normal operation as well as voltage in its steady
state region. The reactive power must also be possible to control when no active power is transferred on the
link irrespective if no power is being transmitted due to demand of zero, cable outage or station outage. The
reactive power control commands must be able to be executed independently in any of the converter
stations.

When operating in Q control mode, it is possible to change the current active set point of the reactive power
to a new set point with a specific ramp. The set points of the stations should be between zero and +/- the
maximum converter reactive power rating. The performance of the reactive power controller will be given
in the following paragraphs.
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Figure 19 - Reactive power controller block diagram

3.5.6 AC voltage controller

The objective of the AC voltage controller is to regulate the AC voltage at the point of common coupling
at a specific reference by modifying the current reference of the g — axis. In this way, the VSC can support
the point of common coupling with reactive power contributing to the AC voltage stability.
iy = —5— + (kp + —l) Voo = Voe™) (3.33)
ac S
The main function of the controller is to control the g — component of the current, based on the AC voltage
level, thus controlling the reactive power injection.

Iq max

kyTki/s | iy

Iq min

Vacﬁref

'Qleﬂ'vac

Figure 20 - AC voltage controller block diagram
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3.5.7 Fault ride through capability controller

As stated in [22] and [31], the HVDC station must stay connected and provide maximum voltage support
by supplying a controlled amount of reactive power so as to ensure that the HVDC link helps to stabilize
the voltage within the desired framework. In moments like this, reactive current has higher priority than the
active power in order to maximize the reactive power contribution. Two different equations were used in
order to evaluate the fault ride through capability of the converter:

100 85

iq = —EV(IC +£ (334)

12 \/E\/zovac2 — 20V, +28alpha+5 1y,
= — (3.35)

=7 7 7
where V. is the AC voltage of the point of common coupling, i, is the reactive current injection and alpha
is a variable which creates different variations of equation (3.35). In Figure 21, the two equations in respect
to the AC voltage of the point of common coupling can be observed.

Vac - Ig/In curve Proposed Vac - lg/ln curve

AC Voltage in pu
AC Voltage in pu

02 02 alpha=0.0001

= alpha=0.0002

0.1 1 0.1 alpha=0.001
alpha=0.01

0 01 02 03 04 05 08 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
Ig/in I/in

Figure 21 - FRT equations. (a) Equation (4.1) and (b) Equation (4.2) with different values of alpha

Overall, it can be seen that when the voltage at the point of common coupling has been dropped below 0.85
pu then the fault ride through capability controller is being activated and bypasses the operation of the
reactive power controller or the AC voltage controller. In more details, in Figure 21(a) it can be observed
that when the AC voltage drops below 0.5 pu then there is an immediate injection of the reactive current
equal to the nominal current of the converter. On the other hand, in Figure 21(b), the immediate injection
of the reactive current does not follow the same steep performance as in the previous figure but there is a
more smooth transition of the injection of the current. It is also clear that reducing the value of alpha it is
possible to approximate the original reactive current contribution given by equation (3.34). In this master
thesis, both equation (3.34) and equation (3.35) with alpha equal to 0.0001.
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3.6 User written models for implementation in PSSE

In this master thesis project, PSSE simulation package has been used in order to study the interaction
between the AC and DC power systems. As it has already been mentioned, the creation of a user — written
model for the VSC station was imperative in order to match the behavior of the station with the real
operational needs. For that reason, a script describing the control structure of the station was created in
FORTRAN. Moreover, in order to facilitate the DC side behavior of the VSC — HVDC system, thus a script
was also modeled in FORTRAN. After the creation of these two models a dynamic link library was created
by using PSSE’s environment manager. The environment manager compiles the scripts created in
FORTRAN and creates a library which is then possible to import in PSSE, thus being able to use the user
defined model in the simulations like any other model of the PSSE library.

Furthermore, in order to initialize the proposed models and coordinate the whole simulation process, several
scripts were created in PYTHON programming language. For that reason, a sequential AC and DC power
flow script has been created in order to initialize the AC and DC quantities of the system. On top of that,
several other scripts were created [18].

For any case, in order to run a dynamic simulation in PSSE, the existence of a .dyr, describing the dynamic
behavior of the components of the system is required. For that reason, a script that is able to create a .dyr
file in addition to the already existing one was created in PYTHON, so that the dynamic behavior of the
VSC station, meaning the control structure of the system, can be used. The script reads an excel file which
contains all the essential information regarding the parameters of the controllers and then creates the .dyr
file, ready to be imported into the PSSE case. Another PYTHON script creates the dynamic conditions for
each case. Through that, it is possible to create different dynamic events, like bus faults, trip branches,
disable generators and run the simulation. It is all possible to express which of the output channels would
be visible by the user or not.

From the things that were described previously, it is important to note, that for the completion of this master
thesis, proper knowledge of the environment of the PSSE simulation software, FORTRAN programming
and PYTHON programming, was essential. More information regarding this process will be given in
APPENDIX B.

To let the reader understand how this whole process works, a detailed overview of the essential steps
required to run the simulation is given:

1. The creation of the control structure of the VSC station in FORTRAN script. Inside that script, all
the necessary algebraic and differential equations regarding the controllers mentioned in the
previous paragraphs are implemented. For that reason, proper knowledge of the creation of models
in PSSE is required and was obtained throughout this master thesis project (see APPENDIX B).

2. The creation of the DC cable in FORTRAN script is also important in this step. As in the previous
case, the script contains all the equations required.

3. The compilation of the two scripts with the PSSE’s environment manager for the creation of the
dynamic link library (.dll).

4. The creation of the excel file which contains the information about the VSC station related
parameters and the DC cable data.
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5. The execution of the PYTHON scripts that contain the information regarding the power flow
simulation and the dynamic simulation.
6. Plotting the results in MATLAB.

It has been mentioned that the VSC — HVYDC dynamic model is developed into several modules. The
following modules are included:

e Grid side voltage source converter (GSVSC) model

e A DC network model

e Current limiter model

e A DC network load flow script

e Several other scripts regarding the operation of the simulation

The assumptions made in the master thesis project are the following:

e AC network quantities like voltages and currents are represented by time — varying phasors in
system per unit vales.

e Generator modules like the VSC stations are modeled current sources. This is the typical approach
that PSSE adopts for dynamic simulations.

o Only the fundamental frequency is taken into account. This means that higher harmonics are not
present and do not influence the dynamic behavior of the system.

3.6.1 GSVSC model

The dynamic models of generation units in PSSE are represented by a Norton equivalent current source
[19]. This means that the equivalent model of the VSC need to be transformed to a current source equivalent.
In order not to confuse the reader, this does not mean that the VSC is now a current source converter but it
is more of an interpretation for the software in order to handle the dynamic simulations. In Figure 22 the
two equivalent AC models can be seen.

44



c®o 5t @

Figure 22 - (a) VSC model represented as a voltage source. (b) VSC model represented as a Norton equivalent
current source

An important simplification that has been developed in the PSSE model of the GSVSC which reduces the
number of states and improves the cost of calculation is that the GSVSC does not have a sophisticated inner
current controller. This means that the converter reaches the current reference given by the outer controllers
instantly.

The inner current controller used in this master thesis project is just a proportional gain and it is equal to 1.
This means that the output of the outer controllers, which is the reference current of the d — axis component
and the g — axis component is directly fed to the inner current controller, which is the same as the output of
the outer controllers. In this way the direct and quadrature axis component current is reached almost
instantly.

3.6.2 DC network model

In paragraph 3.3, a description about the state space equations for the HVDC cable has been given. The
input signals for the DC network script is the vector of the DC current injections at the nodes where the
VSC is present. The DC current injections are calculated from the GSVSC model.

As previously mentioned, the user written define models that have been created require a correct
initialization in order to conduct dynamic simulations. For that specific reason, a sequential AC — DC power
flow is being utilized in order to determine the operational points of the two VSC stations both from the
AC and DC side [10] [20].

In more details, in the AC side, the GSVSC stations are modelled as PV buses. First, the active and reactive
power is being set for both stations and then the AC power flow needs to be executed. However, this does
not mean that a DC power flow can be run directly from PSSE, since PSSE does not have this capability.
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Moreover, in order to correctly initialize the DC network, there must be a coordination between the power
feed from the GSVSC stations from the AC side. In order to solve that problem, an external PYTHON
script has been modeled that contains the DC power flow solution. With the use of PYTHON, the PSSE
variables that contain the AC power injection from the VSC station at the specific buses can be accessed.
These values are the set points of the VSC station introduce in the AC power flow.

In the DC side, one bus is always considered as a slack bus being responsible for the losses while the other
bus is always considered as a constant power node. When the DC power flow has converged, the calculated
voltages and currents now represent the initial states of the state space model of the DC network. In Figure
23, an overview of the whole approach described above can be seen.

NL Power DC DK Power
System NETWORK System
Onshore AC DC power Onshore AC
Power flow flow Power flow

Figure 23 - AC and DC power flows in the VSC - HVDC system

Now that the initial points of the DC network have been established, the points need to be written in dynamic
model file (.dyr) in PSSE. Thus, when the DC power flow has converged, the dyr file is created which can
be used to correctly initialize the DC network dynamic model. The same method applies for the GSVSC
stations. Similar to the DC model, the initial states of the VVSC stations are introduced in PSSE via a dyr
file as described in paragraph 3.6. Once the system is correctly initialized it is possible to run the dynamic
simulations for the VSC — HVDC system.

3.6.3 DC power flow equations

A quick analysis of the equation regarding the DC grid power flow will be given in this paragraph [18]
[20]. The analysis will be performed for the case of n nodes that are present in the DC grid. The nodal
voltages and the current injections for each node in the DC network can be written as:

UDC=lUDC1 UDC2 UDCN_l UDCNJ (3.36)
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Inc = Ipc" Ipc® =+ Ipc"™' IpcM] (3.37)

It is possible to calculate the network admittance matrix Ypc, given the DC cable resistances. The
admittance matrix is given as:

L 0 00
R,
1
V=m0 & 0 OlMT 338)

0

0 .

0 0 0 —

| R,

The current injections are not calculated prior to the DC power flow solution. Also, the DC power injections
are known as a results of the AC power flow solution except for the DC slack bus. Moreover, the DC
voltages are known only for the DC slack bus whereas the other nodes the voltages are defined by the DC
power flow solution.

The unknowns are:
Upc' ]

N 3.39
vt | 339

P DC,slack

X =

The non — linear algebraic equation to be solved is given by:

r 1
Ppc

1
Upc

1
Ppc

1
Upc

F(Upc) = Yo" Upc — =0 (340)

1
Ppc

1
UDC i

In order to solve the non — linear equation, the Newton — Raphson method has been used. The Jacobian
matrix is defined as:

> (3.41)

Upcs ™
And the DC voltages are given in each iteration by:

Upc*t = Upc® = J71F(Upc™) (342)
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3.6.4 Current limiter model

The switching devices that are present in the VSC have limited rating for the current that can pass through
them. In order to avoid higher currents than the voltage source converter can tolerate a current limiting has
been adopted.

The current limiter model compares the reference currents that are obtained from the outer controllers of
the VSC with the maximum permitted value of the current. If the reference currents are above the allowed
ones, then the reference currents will be equal to the maximum allowed currents. The magnitude of the

reference current is given by:
li| = /id*z +i,"? (343)

There are three current limiting strategies applicable for the VSC [21]. The first strategy gives priority to
the d — axis component of the current and thus priority to the active power, thus giving the converter the
possibility to produce more power. The second strategy gives priority to the q — axis component of the
current and thus priority to the reactive power, thus giving the converter the possibility to increase the
reactive power support equal to its rating during voltage dips. The third strategy performs equal scaling of
the d — axis and g — axis current. In Figure 24, the three limiting strategies can be observed. The role of the
current limiter to the participation of the VSC at faults and to reactive power support will be discussed in
the following chapters.
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Figure 24 - Current limiting strategies [16]
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Chapter 4: Test system and simulation results

4.1 Introduction

As mentioned in the previous chapter, the controllers used in this master thesis project were based on [14].
Moreover, active controller, reactive controller were further developed in order to meet the minimum
requirements of the COBRAcable project. In order to investigate the performance of the controllers Dutch
transmission system and the Danish transmission system. In the end, several important conclusions
regarding the operation of the COBRAcable and its effect in the Dutch transmission system have been
drawn.

4.2 Benchmark system for the Dutch and Danish side

The benchmark system used for the representation of the Dutch transmission system and the Danish
transmission system can be seen in Figure 25. The Dutch transmission system is represented by a reduced
AC network for the Eemshaven region. As it can be seen, the Dutch transmission system is consisted of
eight buses, five of them at 380 kV, two of them at 220 kV and one at 23 kV. It consists of three generators,
one of which is used to represent the COBRAcable, one to represent the Dutch equivalent network, and the
last one is a generator located in the area. The generator representing the Dutch equivalent network is
represented with a 7" order generator model and it is equipped with an excitation system, turbine governor
system and a power system stabilizer. The generator connected to the 23 kV bus is also equipped with an
excitation system and a turbine governor. The generator used to represent the COBRAcable will be used in
order to implement the FORTRAN script containing the necessary information about the control structure
and operation of the VSC station.

On the other side, the Danish transmission system is a standard benchmark model of three buses and two
generators, one representing the Danish equivalent system and one for the COBRAcable. The three buses
are at 400 kV and the line parameters are as seen in Table 1 below:

R | 0.014375 (pu)
X | 0.140625 (pu)
Table 1 - Line parameters for the Danish transmission system

The line parameters were selected in that way so that the short — circuit impedance at the point of common
coupling, meaning the point where the COBRAcable is connected to the system, is equal to 156.6349 Ohms.
The generator representing the Danish equivalent network is represented by a 7t order generator model and
is equipped with an excitation and a turbine governor system.

Power flow simulations were performed in order to match the ratings of the stations. The station located in
Eemshaven region is operated as an inverter and it is in P control mode and Q control mode, obtaining 600
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MW and injecting 180 MVAr, whereas, the station located in Endrup is operated as a rectifier and it is in
DC voltage control mode and Q control mode, delivering 600 MW and injecting 230 MVAr.

In the following paragraphs, a detailed analysis of the behavior and performance of the controllers used in
the system will be given.
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Figure 25 - Dutch and Danish transmission system

4.3 Active power controller performance

In this paragraph, a detailed analysis of the case studies regarding the performance of the active power
controller will be discussed. For the active power controller, it is assumed that the inverter station is
operating in P control mode obtaining 600 MW. This means that on the other end, the rectifier station is
always working in DC voltage control mode delivering 600 MW plus the losses of the DC cable. While the
inverter is operated in P control mode, four different cases will be analyzed. For each of these cases, two
different control modes for the g — axis component will be used. Firstly, the inverter will be in Q control

mode operation and for the last part the inverter will be operated in AC voltage control mode. The cases
are listed in Table 2.
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4.3.1 First case: Active power response while decreasing from 600 to 550 MW in Q control

First case Active power response while decreasing from 600 to 550 MW
Second case | Active power response while increasing from 600 to 650 MW
Third case Active power response while decreasing from 600 to 400
Fourth case | Active power response while performing a power reversal

Table 2 - Active power response cases

mode and AC voltage control mode

At 5 seconds, an order has been issued that the active power reference point should be changed from 600
MW to 550 MW. This regulation of the active power will be assisted by the special function AREG. AREG
function is enabled at 5 seconds, while using different ramping rates of 100 MW/min, 500 MW/min and
999 MW/min. The total duration of the simulation is 20 seconds. The active power regulation stops when
the new active power reference has been achieved, as it has been described in the COBRA cable

specifications.
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Figure 26 - AC voltages of the Dutch transmission system while reducing active power from 600 MW to 550 MW.
(a) AC voltages for 100 MW/min, (b) AC voltages for 500 MW/min, (c) AC voltages for 999 MW/min and (d) AC

In Figure 26, the AC voltages in the Dutch transmission system are affected by the decrease of active power
that is being transmitted through the HVDC link after the 5 second mark. In more details, the bus that the
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COBRA cable (see blue curve) is connected is a PV bus and with the absence of an excitation system during
in the point of common coupling the decrease of active power will result a decrease in the AC voltage of
the bus [25]. The buses 3 (green curve), 4 (pink curve) and 5 (yellow curve) in Figure 25, experience the
same behavior. However, the bus that the equivalent of the Dutch network is connected, has an excitation
system and since there is a decrease in active power it will immediately sense that and will try to increase
the voltage slightly.
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Figure 27 - AC voltages of the Dutch transmission system while decreasing active power from 600 MW to 550 MW.
(a) AC voltages for 100 MW/min, (b) AC voltages for 500 MW/min, (c) AC voltages for 999 MW/min and (d) AC
voltages for a step input for AC voltage mode

On the other hand, in Figure 27, the q — axis component of the current is controlled by the AC voltage
controller. The difference between the two control modes (Q and AC voltage control) is immediately
observed. While operating in Q control mode the AC voltages of the buses are affected by the decrease of
the active power. In this case, the AC voltages of the system remain stable throughout the simulation time
and for all the different ramping rates used. Even for the worst case scenario, which is a step input, the AC
voltages oscillate around their steady state value.

Since the changes in the active power affect the d — axis component of the current there are some changes
at the DC voltage at the beginning of the AREG operation. In Figure 28 (b) (c) and (d), there is a slight
increase of the DC voltage which is happening till the new reference point has been achieved. It is also
visible that the by changing the ramping rate of the active power, the response of the DC voltage is also
affected.
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This is one of the limitations of the models that stem from the model itself. The model used for the
evaluation of the controllers is an average model. Since there is no sophisticated representation of the
capacitance of the VSC station, the rate of change of active power while regulating clearly affects the
rectifier, which sole purpose is to keep the DC voltage constant at 1 pu. Another reason is that the model
does not have an inner current control as mentioned in the previous chapter. The inner current control is
just a proportional gain which means that no feedback loop is present in order to correct the error in each
iteration. These two reasons create a deviation for the rectifier station but as it can be observed the deviation
of the DC voltage of the rectifier station is almost zero and does not create any problems.
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Figure 28 - DC voltage response while reducing active power from 600 MW to 550 MW. (a) DC voltage for 100
MW/min, (b) DC voltage for 500 MW/min, (c) DC voltage for 999 MW/min and (d) DC voltage for a step input for

both control modes

From the simulations performed with the different ramping rates and also with a step input, it can be
observed that the active power controller in the inverter station responds stably to the change of the active

power reference as seen in Figure 29.
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Figure 29 - Active power response while decreasing active power from 600 MW to 550 MW with different ramping
rates for both control modes

4.3.2 Second case: Active power response while increasing from 600 to 650 in Q control
mode and AC voltage control mode

In this case an order has been issued that the active power should be increased from the original set point
of 600 MW to 650 MW with the same ramping rates as in the first case. Again the increment will be assisted
by the AREG function. The function of AREG is again activated at 5 seconds while the simulation lasts 20
seconds.
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AC voltages (pu) in Dutch side
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Figure 30 - AC voltages for the Dutch transmission system while increasing active power from 600 MW to 650 MW.
(a) AC voltages for 200 MW/min, (b) AC voltages for 500 MW/min, (c) AC voltages for 999 MW/min and (d) AC
voltages for a step input in Q control mode

The AC voltages in the Dutch transmission are again affected by the increase of active power as it can be
seen in Figure 30. In more details, the buses of the Dutch network follow the increment of the power by
increasing their voltage due to the absence of an excitation system in the buses nearby. The slack bus, where
the generator that represents the equivalent Dutch network has an exciter that will try to maintain the voltage
at a constant level. It is visible (red curve) that the exciter senses the increase in active power and tries to
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Figure 31 - AC voltages of the Dutch transmission system while increasing active power from 600 MW to 650 MW.
(a) AC voltages for 100 MW/min, (b) AC voltages for 500 MW/min, (c) AC voltages for 999 MW/min and (d) AC
voltages for a step input in AC voltage mode

Likewise in Figure 31, the AC voltages remain almost the same with the increase of the active power from
600 to 650 MW and only the bus where the generator with the excitation system (red curve) will sense the
difference in active power thus decreasing the voltage slightly.

The DC voltage on the other hand are affected in the opposite way in respect with the first case. The
increment of the active power has an immediate effect in the d — axis component of the current which will
affect the DC voltage, meaning that the DC voltage will experience a drop until the active power has settled
in the new active power reference point. The drop can be seen in Figure 32. Like in the previous case, the
ramping rate affect the magnitude of the DC voltage.

The same reasoning as in the previous case can be used here regarding the reaction of the rectifier station.
Since the inner current control is absent, meaning that it has no integral part, and that the capacitive behavior
of the station is not modelled, the rectifier deviates from the constant value of 1 pu while the AREG is

enabled.

Vde (pu) on VSC Stations Vde (pu) on VSC Stations
1.002 1.002
1 N S N 1 /S ——
0.998 1 0.998 - 1
- Vdc in Endrup station -
g— 0.996 Vdc in Eemshaven station | | g— 0.996
< <
=) =2 Vdc in Endrup station i
% 0.994 % 0.994 Vdc in Eemshaven station
> >
S 0.992 S 0.992
0.99 1 0.99 1
oe88f 0 0.988 ’—Ni
. L . 0.986 L . L L . . L .

0.986 . . L L . . .
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20

Time(s) Time(s)

56



Vdc (pu) on VSC Stations Vdc (pu) on VSC Stations
1.002 1.005

1 1
u Vde in Endrup station
0.998 | |

Vdc in Eemshaven station | |

0.996

o
b3

Vdc in Endrup station
Vdc in Eemshaven station

0.988 0.975 -

0.986 - ~ 4 097 -

: : . . : : : * : 0.965 . : . . : : : * :

0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Time(s) Time(s)

Figure 32 - DC voltage response while increasing active power from 600 MW to 650 MW. (a) DC voltage for 100

MW/min, (b) DC voltage for 500 MW/min, (c) DC voltage for 999 MW/min and (d) DC voltage for a step input for

both control modes
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As in the previous case, the active power controller can follow the change of the reference point while using
different ramping rates without any oscillations in the active power. The performance of the controller can
be seen in Figure 33.
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Figure 33 - Active power response while increasing active power from 600 MW to 650 MW with different ramping
rates for both control modes

4.3.3 Third case: Active power response while decreasing from 600 to 400 in Q control
mode and AC voltage control mode

In this case an issue has been order for the reduction of active power from 600 MW to 400 MW at 5 seconds.
This time the active power regulation will not be performed solely from the AREG function but DREG
function as well. The function of AREG is enabled at 5 seconds with a ramping rate of 500 MW/min and
after 1 second the DREG function is enabled with the maximum ramping rate available. The total duration
of the simulation is 20 seconds.
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Figure 34 - AC voltages of the Dutch transmission system while decreasing active power from 600 MW to 400 MW
for both control modes

In Figure 34, the AC voltages experience the same decrease as in the first case when the active power was
decreased from 600 MW to 550 MW. The only difference here is the amplitude of the AC voltages which
now encounters a bigger voltage dip than in the first case since the amount of power that is being reduced
is bigger than in the first case.

After the control mode has been changed to the AC voltage control mode in the inverter station of the Dutch
system, the voltages in that system will remain almost constant to their original value, not being affected
by both functions (AREG and DREG). It is visible that at 5 seconds only the bus where the equivalent
Dutch network is connected responds to the decrease of active power since it has an excitation system that
is able to track the changes in active power.

Although the change in the active power reference and the differences in the AC voltages of the Dutch
transmission cannot be associated for the long distance buses, it is clear that the bus where the equivalent
network is, is affected by the change in active power when operating in the AC control mode, which is far
away from the point of common coupling of the COBRA cable station.
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Figure 35 - DC voltage response while decreasing active power from 600 MW to 400 MW for both control modes
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As it can be observed in Figure 36, the active power is starting to decrease with a ramping rate of 500
MW/min at 5 seconds. After 1 second, DREG is enabled and an order to reduce the active power
transmission by 100 MW is given. When the order has been completed, DREG is deactivated, since the set
point has been achieved, and then the active power follows the original set point of 400 MW with the
ramping rate of AREG. This is why the active power response in the same figure has changes in its direction.

Since the d — axis component of the current is linked with the DC voltage, the reduction of the current has
an opposite effect in the DC voltage behavior. In Figure 35, when AREG is enabled, the DC voltage
experiences an increase in voltage, which after 1 second experiences an even steeper increase since the
DREG has been enabled. It is clear now that depending on the ramping rate of the active power that have

been chosen for the AREG and DREG operation the increase or decrease of the DC voltage can be
determined.
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Figure 36 - Active power response while decreasing active power from 600 MW to 400 MW for both control modes

4.3.4 Fourth case: Active power response while performing a power reversal in Q control
mode and AC voltage control mode

In the last case, a power reversal has been issued at 2 seconds. This means that the active power will be
reversed from 600 MW to -600 MW with the highest possible ramping rate of 999 MW/min. The AREG
function will assist with the power reversal and is being activated at 2 seconds. The total duration of the
simulation is 50 seconds.
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Figure 37 - AC voltages of the Dutch transmission system while performing a power reversal from 600 to -600 MW
for both control modes

In Figure 37, the AC voltages of the Dutch network for both control modes can be observed. Comparing
this graph with the graphs in the previous cases one might conclude that the power reversal created the
biggest voltage dips for the buses of the Dutch network. However, when the inverter station is operated in
the AC voltage control mode, it is capable of keeping the AC voltage of the buses of the Dutch transmission
system almost constant and around their initial values.

The same reasoning behind the long distance buses applies here for the AC control mode. The bus where
the equivalent network is connected is affected by the change of the active power reference and tries to

react to the changes through an AVR.
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Figure 38 — DC voltage response while performing a power reversal from 600 to -600 MW for both control modes

To transmit power through the HVDC link, the DC voltages at both ends should be different. Since the
rectifier controls the DC voltage around 1 pu, this means that the inverter station should have DC voltage
less than 1 pu in order to secure the flow of active power from the rectifier station to the inverter station.
While performing a power reversal, the DC voltage of the inverter station gradually rises towards the 1 pu.
The behavior of the DC voltage can be seen in Figure 38. When the DC voltage of the inverter station
reaches 1 pu, there is a point in time that the active power has reached zero as seen in Figure 39. After that
point, the DC voltage rises above 1 pu and will reach a new stable point when the power reversal has been
completed. Since the voltage of the inverter station has become more than 1 pu the active power flow has
now changed and the transmission of the active power is now from the inverter station to the rectifier station.
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Figure 39 - Active power response while performing a power reversal from 600 to -600 MW for both control modes

4.4 Reactive power controller performance

To test the performance of the Q controller, an order has been issued to change the reactive power reference
of the station is changed from 180 MVAr to 230 MVAr at 5 seconds, while using different reactive power
ramping rates to achieve the new reference point. The ramping rates used in this paragraph are 50
MVAr/min, 200 MVAr/min and 350 MVAr/min. The activation of the ramping of the reactive power is
happening at 5 seconds. The total time of the simulation is 20 seconds. When the new reference point has
been reached, the ramping of the reactive power stops.
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Figure 40 - AC voltages of the Dutch transmission system while increasing reactive power from 180 MVAr to 230
MVAr. (a) AC voltages for 50 MVAr/min, (b) AC voltages for 200 MVAr/min, (c) AC voltages for 350 MVAr/min

and (d) AC voltages for a step input

It is clear that by ramping the reactive power up to 230 MVAr, the AC voltages of the buses will start to
rise. However, this increment is not very extreme since the values did not deviate much from the original
point of operation. For example, in Figure 40 (c), for Bus 2 (blue curve), which is the same as Bus 3 (yellow

curve), the increment is only by 0.0022 pu.
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Figure 41 - DC voltage response while increasing reactive power from 180 MVAr to 230 MVAr

While AC voltages experience a small increase, in Figure 41, the DC voltage does not experience any
change since it is linked with the d — axis component of the current. Furthermore, if there is no change in
the active power transmitted through the link then there is no change in the DC voltage behavior.

In Figure 42, the response of the reactive power with different ramping rates can be seen. It is clear that the
reactive power controller at the inverter station can follow the changes of the reference point while using

different ramping rates without any oscillations.
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Figure 42 - Reactive power response while increasing reactive power from 180 MVAr to 230 MVAr

The AC voltages in the Dutch system are clearly affected by the rise of the reactive power injection of the
converter station. Although buses 2, 4 and 5 (blue, magenta, yellow curves in Figure 40) experience a rise
in the voltage due to injection, buses 1 and 3 (red and green curves in Figure 40) experience a rise as well.
The buses are connected close to generators that are provided with an excitation system, able to track the
change in the voltage. Since the injection has an immediate effect in the AC voltage (rise) these two buses
should, by definition, reduce the AC voltages in their respective buses. This effect shows that the excitation
system lacks of an integral part and provides only a proportional error and it is not able to track the changes
in the voltage. That is why the sudden increase of the AC voltages in these two buses is happening.

4.5 AC voltage controller performance

Another case was observed regarding the performance of the AC voltage controller. For this case, the
inverter station will be operated in AC voltage control mode. The voltage of the bus that COBRAcable is
connected is equal to 1.05 pu and assuming that this is the 1 pu level, two responses was tested. The first
one was to increase the voltage by 1% of the nominal voltage, meaning 1.06 pu and the second one to
reduce the voltage by 1%, meaning 1.04 pu. For each of these cases, the AC voltage behavior of the Dutch
system will be studied. The cases are listed in Table 3.

First case AC voltage increased by 1%
Second case | AC voltage decreased by 1%
Table 3 - AC voltage controller cases

4.5.1 First case: AC voltage at point of common coupling increased by 1%

The voltage at the bus where the generator that represents the COBRAcable is connected to is 1.05 pu.
Since the first case is about increasing the AC voltage by 1%, the new reference point for the AC voltage
controller will be 1.06 pu. With the new reference point now, the performance of the AC voltage controller
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will be evaluated. The change of the reference is issued at 5 seconds and the total duration of the simulation
is 20 seconds.
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Figure 43 - AC voltages of the Dutch transmission system for an increase of the AC voltage at the PCC by 1%

From Figure 43, it is clear that the new reference point of 1.06 pu (see yellow and blue curve) has been
achieved after 3 seconds. The change of the AC voltage at the PCC has created an immediate effect to the
voltages of the other buses which they have been increased as well.

The reactive power of the station should be increased in order to compensate the increase of the AC voltage
of the bus of the point of common coupling. In Figure 44, the reactive power injection of the inverter station
can be seen. The converter station starts at 180 MV Ar and at 5 seconds the injection starts to increase. After
12 seconds, the reactive power has been settled at a value around 445 MVAr which is above the rated
reactive power capability of the converter and clearly violates the upper limit of 230 MVAr.

Like in this case, the increase by 1% of the AC voltage of the bus at the point of common coupling, which
is a dynamic phenomenon, creates a reactive power injection that surpasses the rating of the converter. In
order to increase the voltage by 1% while using the AC voltage controller, the reactive current must also
increase (see equation 3.26). This increase of the reactive current will result in an increase of the reactive
power injected by the converter station. Someone would expect that injection of the converter would be
inside the capabilities of it, however in these case the solution of the space vector theory and the solution
of the power flow solutions that are used (see above), do not match, thus this violation exists.
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Figure 44 - Reactive power of the inverter station for an increase of the AC voltage at the PCC by 1%

4.5.2 Second case: AC voltage at point of common coupling decreased by 1%

On the other hand, in the second case, the AC voltage at the point of common coupling has been decreased
to 1%. Since the voltage at the PCC is 1.05 pu, a decrease by 1% results the new reference point of 1.04
pu. The reference has been changed at 5 seconds and the total duration of the simulation is 20 seconds.
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Figure 45 - AC voltages of the Dutch transmission system for a decrease of the AC voltage at the PCC by 1%

In Figure 45, the AC voltages of the Dutch transmission system can be seen. Since the AC voltage is being
decreased so is the reactive power injection of the station. The new value of the reactive power injection is
now — 75 MVAr. It is only natural that this drop of the reactive power will create a drop in the AC voltage
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of the buses of the Dutch system, something that is observed in the aforementioned figure. The AC voltage
at the PCC has settled in the new reference point at 8 seconds.
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Figure 46 - Reactive power of the inverter for a decrease of the AC voltage at the PCC by 1%

The reactive power is trying to compensate the reduction of the AC voltage by changing the injection of
the station. The behavior can be observed in Figure 46. When decreasing to the 1.04 pu, the violation does
not exist anymaore since the converter remains inside its capabilities due to the fact that the solution of the
space vector theory and the power flow solutions match. A discussion about the capabilities of the converter
are given in paragraph 4.7.

4.6 Fault ride through investigation

In this paragraph, the fault ride through (FRT) capability of the inverter station will be investigated. For
that reason, three phase faults will be simulated across the system, in buses where no generation exists. The
evaluation will be performed with both equations discussed in paragraph 4.2.3. The results of this
investigation will determine how FRT capability helps to boost the voltage at the point of common coupling
of the COBRAcable in the Dutch network.

First case Bolted fault and a high impedance fault at bus 3

Second case | Bolted fault and a high impedance fault at bus 4

Third case Bolted fault and a high impedance fault at bus 5

Fourth case | Bolted fault and a high impedance fault at bus 6

Fifth case Bolted fault and a high impedance fault at bus 7
Table 4 - Fault ride through capability cases

As mentioned earlier, three phase faults will be simulated in the Dutch transmission system, in buses, where
there is no generation. As seen from Figure 25, there are five buses that meet this criteria. There are three
buses at 380 kV level and two buses at 220 kV level. The duration of the fault will 200 ms whereas the total
duration of the simulation will be 0.5 seconds. The fault starts at 0.1 seconds. The FRT capability will be
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evaluated with the equations introduced in paragraph 3.5.7. The alpha variable for equation (3.35) in all the
cases is 0.0001. The cases can be seen in Table 4.

4.6.1 First case: Bolted fault and a high impedance fault at bus 3

For the first case two instances are distinguished: a bolted fault (nominal voltage goes to zero) at bus 3 and
a high impedance fault, which dips the voltage at 70% of the nominal voltage. In each case, the AC voltage
of the point of common coupling of the COBRA cable will be evaluated as well as the performance of the
FRT capability and the response of the DC voltage.
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Figure 47 - DC voltage response. (a) Bolted fault and (b) High impedance fault in bus 3
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For a bolted fault at bus 3, in Figure 47 (a), the DC voltage can be seen. The duration of the fault is 200 ms
and it can easily be seen that the DC voltage peaks at around 1.1 pu resulting a rise of 10% of the nominal
value while the lower part peaks at 0.95 pu of the nominal value. In this case the cable voltage limits are
not violated by a fault of that magnitude. On the other hand, in Figure 47 (b), the case of a high impedance
fault can be seen. The fault is not as severe as for the previous case and the DC voltage response is far away
from the violation limits.
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Figure 48 - Contribution of the inverter station for a bolted fault in bus 3

For a bolted fault at bus 3, the voltage goes directly to zero, thus resulting a dip in the voltage of the bus of
the point of common coupling (red curve in Figure 48). By applying equation 4.1 (green curve), the inverter
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station is able to boost the voltage of the bus of the point of common coupling to 0.0025 pu. Using the
second equation (4.2), the voltage is again increased by almost the same value.
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Figure 49 - Contribution of the inverter station for a high impedance fault in bus 3

A completely different behavior can be seen in Figure 49. Here the same equations are used. While using
the equation 4.1, there is an increase of the voltage by 0.05 pu, whereas in the case of the equation 4.2, the
voltage is kept below the case where there is no FRT contribution.

4.6.2 Second case: Bolted fault and a high impedance fault at bus 4

For the second case, a bolted and a high impedance fault is performed at bus 4 for a duration of 200 ms.
The DC voltage response of the system as well as the contribution of the inverter station to the bus of the
point of common coupling for the two faults will be analyzed here.
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Figure 50 - DC voltage response. (a) Bolted fault and (b) High impedance fault in bus 4
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The DC voltage response in this case is the same as in the first case for a fault at bus 3. In Figure 50, there
is no violation of the upper and lower voltage limits of the DC cable. In Figure 51, the bus of the point of
common coupling can be seen, in different instances. In red curve the voltage of the bus without the FRT
capability enabled can be seen. Using both equations, the contribution in the voltage is pretty similar. The
boost of the voltage is of the magnitude of 0.005 pu.
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Figure 51 - Contribution of the inverter station for a bolted fault in bus 4

For a high impedance fault, the contribution of the two equations can be seen in Figure 52. Equation (4.1)
offers a bigger contribution in voltage than equation 4.2.
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Figure 52 - Contribution of the inverter station for a high impedance fault in bus 4

4.6.3 Third case: Bolted fault and a high impedance fault at bus 5

Like in the two previous cases, a bolted and a high impedance fault is performed at bus 5 for a duration of
200 ms. The DC voltage response of the system as well as the contribution of the inverter station to bus of
the point of common coupling for the two faults will be analyzed here.
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Figure 53 - DC voltage response. (a) Bolted fault and (b) High impedance fault in bus 5
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As in the previous cases, the response of the DC voltage is almost the same. The fault is performed for 200
ms and for that period the DC voltage experiences two peaks, the first one at around 1.1 pu and the other
one at 0.95 pu. In the case where there is a high impedance fault the severity of the fault is decreased which
means that the effect in the DC voltage is also decreased as seen in Figure 53 (a) and (b).
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Figure 54 - Contribution of the inverter station for a bolted fault in bus 5

Due to the fact that the line connecting bus 5 and the PCC of the COBRAcable is really small, simulating
a fault at bus 5 is like simulating a fault at the PCC. The contribution of the inverter station for both cases
(bolted and high impedance fault) can be seen in Figure 54. It is clear that the fault is so severe that neither
equation (4.1) or (4.2) can increase the voltage. In Figure 55, the contribution for a high impedance fault
can be seen. Likewise, the behavior is the same as in the previous case of bus 4 where equation (4.1) is

actually performing better than equation (4.2).
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Figure 55 - Contribution of the inverter station for a high impedance fault in bus 5

4.6.4 Forth case: Bolted fault and a high impedance fault at bus 6

While the previous cases where in the 380 kV level, the fourth and fifth case are at 220 kV level. In the
fourth case a bolted and a high impedance fault is performed at bus 6 for 200 ms. The results are listed
below.
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Figure 56 - DC voltage response. (a) Bolted fault and (b) High impedance fault in bus 6
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The bolted and high impedance fault do not create any violation of the upper and lower limits of the DC
voltage. In Figure 56 (a), the DC voltage does not rise more than 1.05 pu and not lower than 0.96 pu,
whereas in Figure 56 (b), the voltage does not rise more than 1.01 pu and lower than 0.95 pu.
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Figure 57 - Contribution of the inverter station for a bolted fault in bus 6

The AC voltages in Figure 57 are affected by the bolted fault in bus 6. Although the fault did not have a
huge impact into the DC voltage, the AC voltage at the point of common coupling has been reduced to 0.5
pu. The green curve (equation 4.1) helps to boost the voltage, whereas, the blue curve (equation 4.2)
increases the voltage slightly in respect to the red curve (FRT capability off).
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Figure 58 - Contribution of the inverter for a high impedance fault in bus 6

For a high impedance fault (Figure 58), the voltage at the point of common coupling is slightly affected.
As mentioned in the paragraph 4.2.3, the activation of the equations regarding the fault ride through
capability require that the voltage at the PCC is below 0.85 pu. Since this criteria is not satisfied, there is
no contribution from the converter station.

4.6.5 Fifth case: Bolted fault and a high impedance fault at bus 7

In the last case, a bolted and a high impedance fault is performed at bus 7. The results of the fault can be
seen in the following figures.
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Figure 59 - DC voltage response. (a) Bolted fault and (b) High impedance fault in bus 7
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Due to the fact that the fault is performed in a different voltage level (Figure 59), the severity is completely
different than in the previous three cases. Even for a bolted fault the DC voltage does not rise more than
1.04 pu or 0.97 pu. For a high impedance the voltage does not rise more than 1.01 pu and 0.97 pu.
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Figure 60 - Contribution of the inverter station for a bolted fault in bus 7

A Dbolted fault in bus 7 inflicts a dip in the voltage which affects the bus of the point of common coupling.
Again, equation (4.1) performs better than equation (4.2), which fails to boost the voltage. In Figure 60, it
can be observed that the blue curve (equation (4.2)) is below the red curve which is when the FRT capability
is off.
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Figure 61 - Contribution of the inverter station for a high impedance fault in bus 7

The same reasoning can be applied for the case of a high impedance fault in bus 7. Since the voltage at the
PCC has not been dropped below 0.85 pu, there is no contribution from the converter station. The results
can be observed in Figure 61.

4.7 Conclusions

From the results, some conclusions can be drawn regarding the performance of the controllers. Regarding
the active power controller, the controller is capable of following the changes of the active power reference
with all the ramping rates discussed in the paragraph (4.3). The change in active power changes the
reference of d — axis component of the current which affects the DC voltage through the HVDC link. The
rate of change of the DC voltage is also linked with the ramping rates used. Higher ramping rates create a
steeper response of the DC voltage. Moreover, the AC voltages of the buses in the Dutch network are
affected by the changes in reference in active power. Increasing the active power results in an increase of
the AC voltages whereas a decrease of the active power results a decrease of the AC voltages. However, as
it can be observed from the figures in paragraph (4.3), the increment or decrease of the AC voltages is
around the steady state values.

Regarding the DREG function, the controller is again able to track the changes of the ramping rate that are
introduced by the AREG and DREG function. The set point of the active power has been set by AREG with
a specific ramping rate. At a certain moment in time DREG is also enabled creating a different set point of
the active power with the maximum ramping rate. The behavior is also depicted in the DC voltage. As said
previously, changing the d — axis component of the current will change the DC voltage. It is important to
note, that the model used to create the DREG function can be extended for multiple applications of DREG
as it can be seen in Figure 62.
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Figure 62 - Multiple applications of DREG

Regarding the reactive power controller, the controller is capable of following the changes in the reference
of the reactive power stably and without oscillations. The change in the g — axis component of the current
does not create any oscillations in the DC voltage. However, by increasing the reactive power injection the
AC voltages of the Dutch system are increased. In more details, depending of the ramping rate that is chosen
each time, the steepness of the AC voltages can be determined. Like in the active power controller, the AC
voltages are kept near the steady state values.

Although the reactive power controller has been tested only for increasing the reactive power injection, the
controller is also capable of reducing the reactive power injection with the same ramping rates. The results
can be seen in Figure 63. The decrease in reactive power will also have an immediate impact in the AC
voltages as well.
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Figure 63 - Reactive power response while decreasing reactive power from 180 MVAr to 130 MVAr
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Regarding the performance of the AC voltage controller, the investigation has shown that there are
limitations in how much the AC voltage can be increased or be decreased which is associated with the
reactive power capabilities of the converter station and specifically with the inverter station since this is the
station where all the studies have been performed. Since the increment of the AC voltage at the PCC by 1%
results in the violation of the reactive capability of the converter station, an investigation was performed to
see the limits of the converter regarding the control of the AC voltage at the PCC.
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Figure 64 - Reactive power injection. (a) AC voltage at PCC of 1.052 pu and (b) AC voltage at PCC of 1.034 pu

Keeping in mind that in the stable operation of the station, the converter contributes is 180 MV A, in Figure
64, the reactive power injection the increase and decrease of the voltage at the PCC can be seen. The
converter station is capable to support the increase of the voltage to 1.052 pu without exceeding the upper
limit of 230 MV Ar as seen in Figure 64 (a). On the other hand, the converter can also support the decrease
of the voltage to 1.034 without exceeding the lower limit of —230MVAr as seen in Figure 64 (b).
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Figure 65 - Reactive power injection. (a) AC voltage at PCC of 1.06 pu and (b) AC voltage at PCC of 1.04 pu

An investigation was also held while the converter is contributing 0 MVAr in the stable operation. It is clear
that the converter station is not capable of increasing or decreasing the AC voltage by almost 1%, since the
capability of the converter has been surpassed, when the steady point of the converter at the beginning is 0
MVAr. The conclusion is that, there is a limit where the increase or decrease of the AC voltage can be
compensated by the reactive power injection of the converter and the reason behind that is that the space
vector theory and the power flow solutions do not agree when a dynamic event like this appears. It is certain
that these kind of limitations appear also in the real converter station and might be part of the COBRA cable
specifications.
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Regarding the fault ride through capability, the faults that were simulated in buses 3, 4 and 5 (380 kV)
resulted a DC voltage response where the DC voltage did not rise more than 10% of the nominal value and
not less than 5% of the nominal value. The performance of the two equations in the reactive current injection
has shown that equation (3.34) is performing better than equation (3.35). In cases where a bolted fault was
simulated, the use of equation (3.34) resulted into the injection of more reactive current than equation (3.35).
Due to the fact the line connecting COBRA cable, meaning bus 2 and bus 5 is too small the contribution of
the converter for AC faults is small. For a high impedance fault, the contribution of equation (3.34) is again
significant whereas equation (3.35) fails to perform better than the case where the FRT is not enabled.

While performing a fault at buses 6 and 7 (220 kV), the DC voltage experiences a small rise less than 5%
and the same is happening for the lower value. The response of the converter regarding the contribution of
reactive current is less than in the previous cases due to the fact that the fault is happening far away from
the PCC. For a bolted fault, equation (3.34) is again better than equation (3.35). For a high impedance fault
the FRT equations are not being activated since the voltage at the PCC has not been dropped below 0.85

pu.
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Chapter 5: Comparison of the controllers

5.1 Introduction

The comparison of the control structure of the VSC stations created in PSSE was one of the main purposes
of this master thesis project. To compare the performance of the control structure, two models were used.
One created in PSSE, with the results that were presented in the previous chapter and another model created
in Powerfactory. The purpose of this comparison is to see whether the two models can provided the same
set of results and if not try to find the reason behind it.

In this chapter, the analysis about the differences between these two models will be discussed as well as the
results of the comparison process.

5.2 Differences of the models

As discussed in Chapter 3, a set of assumptions were made in order to create the model of the VSC station
in FORTRAN and in PSSE software. The assumptions that were made are the following:

Generator modules like the VSC stations that were used in this thesis are modeled as current
sources. This is the typical approach that PSSE adopts for dynamic simulations.

The model is based on [15]. The Uac, Q, Udc and P control were implemented in this version of
the model.

The inner current control structure of the VSC station is completely missing from the FORTRAN
script. Instead, the inner current control structure is replaced by a proportional gain equal to 1. This
means that the current references resulted by the outer controllers of the VSC station reach the
current almost instantly. This, of course, has reduced the number of differential equations, which
resulted in a reduced computational time.

The phase locked loop (PLL) is also completely missing from the VSC station. It is assumed that
the VVSC station is able to track perfectly the changes in the bus of the point of common coupling
thus no specific reason to create an additional control block was necessary.

The energy balance of the DC link is not modeled in the PSSE. This means that the rate of change
of the active power through the DC link is not properly addressed.

On the other hand, several assumptions during the creation of VSC station in Powerfactory were also
considered: The assumptions are the following:
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e The model is based again on the [15]. The Uac, Q, Udc, P, U/f , current control based on space
vector transformation, PLL and DC voltage protection control approach, were implemented in the
model.

e The internal energy balance of the MMC technology is also present in the model. For that reason
the DC capacitance of the converter is included in the DC side of the HVDC link. This means that
the internal regulation of the MMC is being considered by the DC voltage structure. The circulating
current control of the MMC technology is not considered in this RMS model.

e The arm inductance effect of the MMC technology has been also included in the HVDC
representation of the COBRA cable model.

Based on the assumptions that were discussed previously, some of the test cases that were introduced in
Chapter 4 are used here as well. The comparison of the active and reactive power controller, the DC and
AC voltage controller and the fault ride through capability follows.

5.3 Active power controller performance

Based on the information provided in Chapter 4, the comparison of the active power controller was
compared while using three different cases. The cases used for the comparison can be seen in Table 5:

First case Active power response while increasing from 600 to 650 MW

Second case | Active power response while decreasing from 600 to 400 MW

Third case Active power response while performing a power reversal
Table 5 - Active power comparison test cases

5.3.1 First case: Active power response while increasing from 600 to 650 MW

At 5 seconds the active power reference has changed from 600 MW to 650 MW. The change of the active
power reference will be assisted by the AREG function while changing the ramping. AREG function is
being enabled at 5 seconds, with ramping rates of 100 MW/min, 500 MW/min and 999 MW/min
respectively. In Figure 66, the performance of the active power controller while changing the active power
reference can be seen for both models.

79



Active power in inverter station
T T

660 T T
650
640 | Ramping rate of 100MW/min(Powerfactory)
Ramping rate of 500MW/min(Powerfactory)
g Ramping rate of 999MW/min(Powerfactory)
= — — -Ramping rate of 100MW/min(PSSE)
:q:; — = -Ramping rate of 500MW/min(PSSE)
E 630 F — — -Ramping rate of 999MW/min(PSSE)
a
®
=
5
<
|
620 N
610 [ N
600 : :
0 2 4 6 8 10 12 14 16 18 20

Figure 66 - Response of the active power controller for both models

The solid red, blue and black curves represent the performance of the active power controller for the
Powerfactory model for the 100, 500 and 999 MW/min ramping rate respectively, whereas, the dashed line,
with the same colors represent the performance of the active power controller that was created in PSSE. It
is obvious that the model in PSSE is able to follow the response of the Powerfactory model without big
differences. The major difference observed in Figure 66 is related to the ramping rate of 100 MW/min
where the active power responses of the two models experience a deviation. The deviation associated with
this ramping rate is around 3 MW and it is due to the false interpretation of the ramping rate value that was
selected in the models.
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Figure 67 - Response of the DC voltage controller for both models while using different ramping rates. (a) DC
voltage response for L00MW/min, (b) DC voltage response for 500MW/min and (c) DC voltage response for 999

MW/min

For the ramping rates that were selected, the DC voltage response was also plotted to compare the
performance of the DC voltage controller. In Figure 67, the DC voltage response for each of the ramping
rates can be seen. The performance of the Powerfactory model can be observed with the solid lines, whereas,
the performance of the PSSE model can be seen in the dashed lines. By looking in the figures, the difference
between the responses of the two models can be seen immediately. While the rectifier station (red curves)
in the Powerfactory model is kept constant in Figure 67 (a), (b) and (c), the rectifier station in the PSSE
model is immediately reacting to the change of the ramping rate. The reason why this happens is twofold.
Firstly, the inner current controller is being replaced with a proportional gain equal to 1, which means that
there is no feedback loop to correct the d — axis component of the current. Secondly, the energy balance of
the DC link is not being modeled in the PSSE model. The change of rate of the active power in the rectifier
station is being changed which means that there will be changes in the d — axis component of the current,
whereas, in the Powerfactory model, the energy balance is modeled and the rectifier is capable of keeping
the DC voltage constant at 1 pu. The behavior of the inverter station is completely normal for both models
due to the fact that this is the station where the change of active power is happening and it should be the
only station reacting to that change while in the rectifier station, the DC voltage should remain constant.

5.3.2 Second case: Active power response while decreasing from 600 to 400 MW

In the second case, in order to compare the performance of the combination of AREG and DREG functions,
the active power reference has changed from 600 to 400 MW. Again as in the previous case, at 5 seconds,
the active power reference has been changed to 400 MW. After 1 second, the DREG function is enabled,
resulting a reduction of the active power by 100 MW with a very fast ramping rate. In Figure 68 (a), the
reduction of the active power controller can be observed for both models. With the solid line, the
performance of the Powerfactory model can be observed, whereas, with the dashed line, the performance
of the PSSE model can be observed. It is clear that the performance of the PSSE model is similar to the
performance of the Powerfactory model. The PSSE model is able to follow the changes in the ramping rate,
which at first is dictated by the AREG function (500MW/min) and then by the DREG function. The
differences between the two lines is of the order of 5 to 10 MW.
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Figure 68 - (a) Response for the active power controller for AREG and DREG cooperation and (b) DC voltage
response for AREG and DREG cooperation

In Figure 68 (b), the response of the DC voltage, when the AREG and DREG functions are enabled can be
seen. As discussed in the first case, the solid lines represent the Powerfactory model whereas the dashed
line represent the PSSE model. Since there is absence of the inner current control structure and the energy
balance of the DC link, the rectifier station in the PSSE model reacts to the changes of the active power.
On the other hand, the rectifier station in the Powerfactory model remains constant at 1 pu.

5.3.3 Third case: Active power response while performing a power reversal

The last case of the comparison of the active power controller will be while performing a power reversal.
The change of the active power reference has been issued at 2 seconds to — 600 MW with a ramping rate of
999 MW/min.

Power reversal DC Voltage power reversal

T T T 1.005
——Power reversal(Powerfactory) -
———Power reversal (Powerfactory) -

— = -Power reversal (PSSE) n -
— — -Power reversal (PSSE)

600

400

200

H 5 -7
S ol £ -7
2 g -
g {0995 s -
@ 200 [ £ 7
2 8
-400 - -7
099+
Lt —— DC voltage rectifier (Powerfactory)
-600 - —— DC voltage inverter (Powerfactory)
— — -DC voltage rectifier (PSSE)
= = -DC voltage inverter (PSSE)
TS 0 5 0 2 . 3 4w 45 s 0.885 RN o e a4
0 5 10 15 20 25 30 35 40 45 50

Time(s) Time(s)
Figure 69 - (a) Response for the active power controller for a power reversal and (b) DC voltage response for a
power reversal

Again, the performance of the PSSE model is similar to the performance of the Powerfactory model in
terms of the active power, as it can be observed in Figure 69 (a). There is a difference between the rectifier
stations of the two models but this is due to the fact that the losses of the station of the Powerfactory model
is more than the ones in the PSSE model. In Figure 69 (b), the response of the DC voltage can be observed.

82



The rectifier station again has the big difference between the two models since the same reasoning regarding
the previous case can be also used here.

5.4 Reactive power controller performance

The comparison of the reactive power controller was performed when the reactive power has been increased
from 180 MVAr to 230 MV Ar while using three different ramping rates of 50 MV Ar/min, 200 MV Ar/min
and 350 MV Ar/min respectively. The reactive performance has been changed at 5 seconds and the results
can be observed in Figure 70.
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Figure 70 - Reactive power response for different ramping rates for both models

The solid line represents the results in the Powerfactory model whereas the dashed line represents the results
in the PSSE model. From the above figure, it is obvious, that both models obtain the exact same result for
all the different ramping rates.

5.5 AC voltage controller performance

The comparison of the AC voltage controller in both models lead to some significant findings. As
mentioned in paragraph 4.5, the adjustment of the AC voltage at the point of common coupling is limited.
The change of the voltage at the PCC bus must follow the converter’s reactive power capability. That is
due to the fact that while increasing the voltage at the PCC bus, the reactive power injection of the converter
must increase thus the q — axis component of the current must increase. The opposite effect is happening
when the voltage is being decreased.
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The comparison has shown that the increase or decrease of the voltage by 1% at the PCC bus cannot be
satisfied. In the following figures, the reactive power response of the converter while performing the

aforementioned cases is evaluated.
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Figure 71 - Reactive power response while the voltage at the point of common coupling has been increased by 1%

Despite the fact that the models settle at a different time point, which is a matter of different gains used for
the AC voltage controller, the increase of the voltage at the PCC in Figure 71, cannot be satisfied. The
dashed line representing the results from the PSSE model, indicate that in order to increase the voltage by
1%, the reactive power capability must be violated, stabilizing around 245 MVAr. On the other hand, the
solid line representing the results of the Powerfactory model limits the increment of the voltage until the
moment the 230MVAr point has been reached.
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Figure 72 - Reactive power response while the voltage at the point of common coupling has been decreased by 1%
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The same behavior is being experienced when the voltage at the PCC is being decreased by 1%. The dashed
line representing the results from the PSSE model, illustrate that the decrease of the voltage by 1%, results
in violating the capabilities of the converter. On the other hand, the solid line representing the results from
the Powerfactory model, limit the decrease of the voltage until the point where the 230MVAr limit has been
reached. Thus, it can be concluded that both models offer the same information regarding the state of the
voltage at the PCC.

5.6 Fault ride through capability

Based on the information that was provided in paragraph 3.5.7, the comparison regarding the fault ride
through capability of the converter was performed while using equation (3.34), which is the equation
suggested by the TSO.
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Figure 73 - FRT equation

In Figure 73, the behavior of the equation can be observed. It is important to note here that the fault ride
through capability is being enabled when the voltage at the PCC is dropped below 0.85 pu. To evaluate the
performance of the two models, three phase faults were simulated in three bus located at the 380 kV level.
For these cases, the AC voltage at the PCC and the DC voltage response were plotted.
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Figure 74 - Three phase fault at bus 3. (a) AC voltage at PCC and (b) DC voltage response

The duration of the faults was 200 ms whereas the total simulation time was 0.3 seconds. For a fault at bus
3 (Figure 74), the responses of the two models can be observed. The solid line represents the results of the
Powerfactory model whereas the dashed line represents the results of the PSSE model. In Figure 74 (a), the
AC voltage at the point of common coupling can be seen. It is clear that the voltage of the PCC bus is
almost zero and the contribution of the converter for a fault at bus 3 slightly boosts the voltage. In Figure
74 (b), the DC voltage response of the two models can be observed. The differences can immediately be
observed. The response of the Powerfactory model does not create high peaks as the PSSE model which is
close to the limits of the DC cable.

08

AC voltage (pu)
)
=

0.2

-0.2

AC voltage at PCC for fault at bus 4

o
>

AC voltage at PCC (Powerfactory)
— — -AC voltage at PCC (PSSE)

0.05 01 0.15 0.2 0.25
Time(s)

03

DC voltage (pu)

DC voltage for fault at bus 4

11
Whva
Il ~s
;e
S.
1.08 i ~<
I ~
g'
S DC voltage rectifier station (Powerfactory) S~ |
——DC woltage inverter station (Powerfactory)
— — -DC voltage rectifier station (PSSE)
— = - DC voltage inverter station (PSSE)
1.04
1.02
1
0.98

. L L L
0.1 0.15 02 0.25 0.3
Time(s)

Figure 75 - Three phase fault at bus 4. (a) AC voltage at PCC and (b) DC voltage response

86



AC voltage (pu)

-0.2

AC voltage at PCC for fault at bus 5

08

o
@

o
»

0.2

—— AC voltage at PCC (Pawerfactory)
— = -AC voltage at PCC (PSSE)

I . L .
0.06 0.1 0.15 0.2 0.26 03
Time(s)

DC voltage for fault at bus 5

1.06 I

¢
2

DC voltage (pu)
2
]

0.98

—— DC voltage rectifier station (Powerfactory)
—— DC voltage inverter station (Powerfactary)
- — - DC voltage recifier station (PSSE)
— — - DC voliage inverter station (PSSE)

|

0.96 ! !
0 0.05 01

. I
0.15 0.2 0.26
Time(s)

Figure 76 - Three phase fault at bus 5. (a) AC voltage at PCC and (b) DC voltage response

03

The same responses can be observed for faults at buses 4 and 5 respectively. In Figure 75 and Figure 76,
the response of the AC voltage at the PCC and DC voltage response of the two models can be seen. The
contribution of the converter in both cases is zero to none whereas the DC voltage of the two models have
great differences. The response in the Powerfactory model does not create large overvoltages while the
model in PSSE is close to the 1.1 pu limit. The reason that the models have these discrepancies in the DC
voltage response lies within the performance of the DC voltage controller. The incorrect tuning of the
controller plus the reasons that were described previously regarding the inner current control structure and
the absence of the energy balance of the DC link create these deviations.
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Chapter 6: General Conclusions and Future Work

6.1 General Conclusions

This master thesis project is concerned with two major topics. Firstly, a working RMS model of the COBRA
cable project was created in the PSSE software package and the special features regarding the active and
reactive power as requested by the TSO were also implemented The response of the controllers and their
effect on the AC system in the Dutch region was evaluated. The results were based on a version of the
dynamic model of TenneT for the Eemshaven region and upgraded in order to fit the Danish power system
as well. The results were obtained in PSSE software package. Changes in operating points of the active
power and the reactive power in the inverter station were performed to study the influence in the AC
voltages of the buses located in the Dutch power system. Changes in the AC voltage at the point of common
coupling were also evaluated. Furthermore, the fault ride through capability, when faults exist in the
network was also analyzed.

In addition, a comparison process was initiated to determine whether the two average models, one in
Powerfactory and the one in PSSE, will obtain the same results. For that reason the controllers of both
models were tested with the same test conditions and the results were compared. The purpose of it was to
see if the two models will in the end provide comparable results and if not find the reasons why this is not
happening. The main conclusions are presented in this Chapter.

Conclusions regarding the performance of the controllers
Concerning the performance of the controllers the main conclusions drawn in this thesis are:

e The active power controller is able to follow the changes of the active power reference with all the
ramping rates that are within the COBRA cable project specifications.

e Increasing the active power reference in the inverter station will result in an increase of the AC
voltages in the Dutch power system, whereas, a decrease in the active power reference will create
the opposite effect.

e The changes in the active power result in changes in d — axis component of the current which again
creates a change in the DC voltage. Increasing the active power reference results in a decrease of
the DC voltage whereas the decrease of the active power reference results an increase in the DC
voltage.

e The changes of the AC voltages and also the changes in the DC voltage depend on the ramping rate
that is used each time. A steeper ramping rate can result in steeper effects on the AC and DC voltage
values.

o The DREG function can be used on top of the AREG function and can lead into a further increase
or decrease of the active power with the maximum possible ramping rate. The use of the DREG
function can result in a steeper behavior of the AC voltages and the DC voltage in the DC link.
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As mentioned in Chapter 4, the DREG function can be extend and can be used for multiple
applications.

The differences between the two control modes used to obtain the reference for the q — axis
component of the current can be seen from the figures in Chapter 4. The Q control mode, which
controls the angle, cannot maintain the voltages of the Dutch system stable. The AC control mode
on the other hand is able to control the magnitude of the AC voltage which leads to stable voltages
spread across the system regardless the changes in the active power reference.

The reactive power controller is able to follow the changes of the reactive power reference with all
the ramping rates that are within the COBRA cable project specifications.

The increase or decrease of the reactive power results an increase or decrease of the AC voltages
in the Dutch system. An exception can be seen for the buses that they have generators with
excitation systems that cannot correctly follow the increase or decrease of the voltage due to lack
of the integral part of the excitation system.

The increase or decrease of the AC voltage at the point of common coupling can lead to the
violation of the reactive power capability of the converter and thus there is a limit on how much
the AC voltage can be increased or decreased.

The investigation regarding the fault ride through capability has shown that the use of the equation
(3.34) imposed by the TSO performs better than equation (3.35) and thus the converter is able to
boost the voltage by increasing its reactive power injection for three faults in the 380 kV buses (3,
4 and 5). The contribution is less when the faults are simulated in the 220 kV buses (6 and 7).

Conclusions regarding the comparison process

Concerning the comparison of the two models, the main conclusions drawn are:

There a lot of differences regarding the modelling approach of the two models. Although, they are
both based on [15] for the creation of the P, Q, Uac and Udc control, the inner current control is
missing from the PSSE model. Also, the internal energy balance is not modelled in the PSSE model.
Both models produce almost compatible results regarding the active power controller performance.
The biggest difference can be observed in the response of the DC voltage controller. Although the
rectifier station in the Powerfactory remains constant at 1 pu, the behavior of the rectifier station in
the PSSE model is different. When the active power has changed, this change is also depicted in
the DC voltage of the rectifier station. The reasons as described above are the absence of the inner
current control and also the missing internal energy balance model.

For the reactive power controller the models offer identical results as it can be seen in Chapter 5.
Both models, regarding the AC voltage control mode offer the same conclusions. The AC voltage
can be increased until a certain point without exceeding the capabilities of the converter.

The response of the DC voltage during faults is quite different between the two models. In more
details, the response of the DC voltage for the Powerfactory model resulted in lower peaks than the
ones obtained from the PSSE model.

Regarding the equation (3.34) suggested by the TSO, the contribution of the converter during three
phase faults is minimal.
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Conclusions regarding the implementation of the model

The implementation of the COBRA cable project in PSSE is the major contribution of this master thesis
project. The translation of the control structure of the VSC station from the Powerfactory model in the
PSSE model was essential for the creation of the model. Some of the main conclusions regarding the
creation of the user — written model in PSSE are the following:

The block diagrams associated with the control structure of the VSC station are replaced with
FORTRAN coding. This means that each block diagram with their respective signals need to be
translated and implemented in the FORTRAN code.

Different time steps add different limitations while using user — written models in PSSE. In this
master thesis project, the use of a small time step resulted in having files with enormous data size
that cannot be used, whereas the use of a big time step created numerical instabilities that led to
unsuccessful simulations.

Overall, the creation of user — written models requires good knowledge of the software as well as
the differential and algebraic equations associated with the model that needs to be created. A lot of
time needs to be spent learning about the different modes that are introduced in PSSE modelling
and the libraries to be added while creating a FORTRAN based model.

As mentioned in Chapter 3, there is an interaction between the FORTRAN scripts and the
PYTHON scripts that were used in the master thesis project. The PYTHON interface, which is the
manager of the simulation process, is responsible for the correct input of the variables, which are
essential for the initialization of the VSC script and the DC model script. It can be seen that the use
of multiple software was needed to obtain the results presented in Chapter 4 and 5.

6.2 Recommendation for future work

In this paragraph, recommendations regarding the continuation of the present thesis are done:

Special attention can be given in the calculation of the gains for the PI controllers of the converter,
since in this master thesis project the gains that were used were obtained through a trial and error
process.

The absence of the inner current control structure and missing model of the internal energy balance
creates a huge deviation regarding the DC voltage. Since the inner current control in the current
model in PSSE is just a proportional gain that is equal 1, a suggestion would be that the same or a
more sophisticated control structure could be modeled for the future iteration of this model. Also,
the inclusion of the internal energy balance, by implementing a DC capacitance in the DC side of
the VVSC station will help erase the deviations created.

A phase locked loop control structure could also create some added value in the current model. For
all the simulations created in the present thesis, the assumption was that the converter station is
able to track the voltage at the point of common coupling perfectly. This means that whatever the
case might be the converter station is always in synchronization with the grid. For the creation of a
frequency controller, the creation of the PLL control structure in PSSE would be of a major
importance in order to study frequency deviations.

Further work is also needed, regarding the extension of the current model for the case of the multi
— terminal operation. As stated in Chapter 1, the COBRA cable can be extended in the future for
the connection of offshore wind farms in the link. The current model is operational for a point — to
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— point connection between the Dutch and Danish side. An investigation regarding the extension
of the DC model FORTRAN script that was used in the current thesis is important for the multi —
terminal investigation.

Finally, in the Danish part a simple representation of the system was used in order to simulate the
Danish side. A better and bigger representation of the power system of Denmark will also be
important in order to improve the accuracy of the results. This will also help expand the current
study for the influence of the rectifier station in the power system.
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Appendix A: Space vector theory

The approach in space vector theory is dealing with the instantaneous values of the electrical circuit. The
basic idea in space vector theory is that the one complex vector y can be represented by three phase
variables, if the zero components are disregarded. A complex vector y can be defined as:

2 i jAm
ys=§(ya+ybe 3 +ye’3) (A1)

At any moment, the complex vector y has two variables corresponding to the of axes, y, and ys as shown
in Figure 77. To perform the transformation of the rotating vector to a non-rotating one, a rotating dq
reference frame is introduced. The dq frame rotates in the same direction as the rotating vector y with speed
equal to the angular frequency of w, of the AC system. Furthermore, the vector y in the dq reference frame
is related to the vector y in the stationary frame by:

yS =el®ty (A.2)
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Figure 77 - Reference frame transformations. (a) abc to af and (b) o/ to dq [32]

To initiate the transformation from the three phase quantities to the dq rotating reference frame a tool was
created by Park, called Park’s transformation. It is used in the model of the VSC and the VSC controllers
in this thesis.

Park’s transformation is given by [26]:
cosf —sinf

Yal |2 21 21
Xp| = |=|cos(6 —?) —sin(6 —?)

Xd
Xq
Xo

Sl )] oy

21 2w
cos(0 + ?) —sin(0 + ?)
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V2
where P(6) = |cos(6 — 2?”) —sin(6 — 2?") %I
cos(0 + 2?”) —sin(6 + 2?”) %J

Or the inverse Park’s transformation given by the following matrix [26]:

cosf
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X 3 X

d v , 2 , 2m_ |72
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—sinf cos(0 + 2?”)

2

[ cosf
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| —sin(6 — ) —sin(6 + 3 )|

where P(8)~! = | —sin®
L L L
| V2 V2 V2 |
The equations responsible for the transformation are given below [28]:

Xabc = P(H)xdqo; Xdaqo = P(0) Yxgpe

p 0 1 0
where P(G)‘laP(e) =—w/, | = [—1 0 0].
0 0 O
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Appendix B: Simulation process

The purpose behind dynamic simulations is to accurately represent the response of a physical system to
some event. This means that each component that affects the response of the system must be modelled over
the time frame of interest. In PSSE, for each equipment that is being represented in a system, an equivalent
model describing the dynamic behavior through the differential equations is supplied.

The model library of PSSE contains a wide variety of models which will satisfy the requirements for a vast
majority of equipment. However, there are certain occasions where there is no model library and thus
differential equations that can represent a specific equipment. For that reason, PSSE is encouraging user to
create their own models in order to accurately represent them into the system.

The purpose of this appendix is to give a better insight on how a user can create models in PSSE and better
represent the models that the user desires in each case. This does not mean that a detailed list on how
generators, exciters, turbine governors, etc. are created will be given. As it have been mentioned in the
previous chapters of this master thesis report, the following software were used: FORTRAN, to create the
control functions of VSC stations that are present in the system, PYTHON, which is responsible for the
whole simulation process and finally PSSE software itself.

FORTRAN

As mentioned, PSSE encourages the users to create user — written models. This can be done by using
FORTRAN programming language and creating the user — written models required for specific studies. It
is important to note here that no prior knowledge of the FORTRAN language is essential however
knowledge regarding how to program is a must.

As explained, each model contained in the PSSE model library is consisted of differential and algebraic
equations that actually represent the behavior of the model. In order to create a user — written model it is
imperative to know the behavior of the model that needs to be created thus the equations that follow the
model. For that reason, PSSE modelling distinguishes different modes that can be used in order to represent
the equations of the model. The most important modes are the first three modes that PSSE uses and these
will be described here:

e In MODE=1, the initial conditions of the model are being calculated. Depending on the information
given by the creator for the model, the initial conditions are being calculated. This mode is only
called once during the entire simulation and its outputs are used as inputs for the other MODES.

e In MODE=2, computations required for the differential equations are performed and stored in the
DSTATE array. The DSTATE array contains all the information regarding the rate of changes of
the STATE variables.

e In MODE=3, the calculation of the STATE variables is performed.

In our case the, the VSC station is modeled as a generator model and takes advantage of several variable
associated with the generator model. Variables such as the terminal voltage of the generator, mechanical
output of the generator and such are being used in order to store information regarding the VSC station.
Moreover, the VSC station script is composed by three MODES, where MODE=1 is being called to
calculate the initial conditions of the converter regarding the active power controller and reactive power
controller as well as the initial values of the DC and AC voltage controller. Moreover, the initial value of
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the DC voltage and the current injection of the converter is being inserted to the script from a different
FORTRAN script that contains the information regarding the DC network and cable. When the simulation
starts, MODE=2 takes place. In this MODE, the differential equations regarding the calculation of the d —
axis and g — axis components of the current. This means that the integral part of the PI controller used in
each converter controller is being calculated there and the value is stored in the DSTATE array. Following
MODE=2 is MODE=3, which the values of the STATE array are being calculated. In MODE=3, the
subroutines that contain the operation of the controllers are being called and the proportional part of the Pl
controller is being calculated. In the end, the sum of the integral and proportional part of the PI controller
of each controller of the converter is being added and the result is the total active and reactive current. The
script ends with the calculation of the current injection of the VSC station which is then fed to DC network
script which then calculates the DC voltage of the DC grid which is fed to the VSC station script. It is clear
that there is a connection between the two FORTRAN scripts.

It is essential that before starting writing the scripts for the models, to install Microsoft Visual Studio 2010,
Intel Visual FORTRAN Compiler version 12.1.258 and all the linkers essential for these software (C/C++).
Moreover, PSSE version 33, should be installed in the same computer as the previous software. In these
case the program that is responsible for the creation of the dynamic link library, the PSSE environment
manager, which contains the information regarding the VSC station and the DC network model can be
implemented in the PSSE software.

PYTHON

For the simulation to start, parameters regarding the VSC stations need to be defined. For that purpose an
excel file called dcNetList.xIs was created. Inside the excel file variables regarding the structure of the DC
system, for example, the DC voltage, the number of buses inside the DC grid and also the resistance,
impedance and capacitance of the system. Moreover, this file contains all the dynamic data for the VSC
stations that are used inside the FORTRAN scrips. However, in order to appropriately use this excel file a
PYTHON script called excellO.py containing the required information of how each cell is associated with
each variable is created. If there is something that needs to be added regarding the parameters of the VSC
station three things must be done: firstly, add the new variable in dcNetList.xls, secondly, update the
excellO.py script and lastly update the dyrWriter.py script. The dyrWriter.py script, contains the
information regarding the number of variables that will be used from the PSSE software associated with
the user — written model. This script is also responsible for the creation of the .dyr file which contains all
the required dynamic information about the user — written models of the VSC station and the DC network
model.

Moreover, a script that is responsible for the dynamic events that are taking place in the system called
PSSEprocess.py is created. The operation of the extra features like AREG, DREG or the change in
reference of the active or reactive power can be done by manipulating the variables associated with these
values. Finally, the script called excel2dyr.py, contains the information regarding the whole simulation
process that is from the creation of the .dyr file containing the dynamic data for the user — written models,
running the dynamic events and in the end storing the simulation data.

The PYTHON software is the most crucial part for this simulation process. In order to use the PYTHON
scripts discussed here, the PYTHON software needs to be installed in the computer that will be used.
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Additionally, the packages related to the use of several functions located in the PYTHON scripts need to
be installed.

MATLAB

As mentioned in the previous paragraph, the PYTHON script excel2dyr.py is responsible for the creation
of the files that contain the simulation data. These files are then processed through the MATLAB simulation
software with a script called plot_results.m, so that the results can be plotted in a more manageable
environment. The use of these three software alongside PSSE simulation software that was used to create
the case study, were utilized throughout this master thesis project. The results can be observed in Chapter
4 and Chapter 5.
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