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Abstract

With recent advances in technology and the controllability it offers, Voltage Source Converter
based HVDC (VSC-HVDC) is expected to be the preferred choice for integration of renew-
able energy sources and when building large HVDC grids. As it is a relatively new technology
when compared to the more mature Classic HVDC, many studies are aimed at operation and
stability of VSC-HVDC interconnecting AC grids. When performing simulations on large sys-
tems interconnecting AC grids with VSC-HVDC, the computational load will be heavy due to
the complexity of the models associated with VSC-HVDC. It is therefore desirable to develop
simplified models suitable for studies where the main interest is in slow dynamics, where such
complexity might have a negligible impact on the results.

In this thesis the goal was to implement a simplified model of a VSC-HVDC in the soft-
ware tool PowerFactory to be used in transient stability studies. First, a detailed model was
implemented in PSCAD and PowerFactory for EMT simulations. In order to use the model for
simplified RMS simulations in PowerFactory, it was found that several adjustments had to be
made in order to get a more similar performance to the detailed models, when considering the
slow dynamics of the system. After the simplified model had been implemented it was verified
by simulating different cases and comparing the results to the detailed models in PowerFactory
and PSCAD. In most cases the simplified model was a good representation of the detailed mod-
els. The verified model was then included in a larger multimachine system in order to evaluate
the impact of VSC-HVDC on AC systems. It was found that the computational time could be
reduced drastically using the simplified model, with negligible differences in the results. From
these simulations it was concluded that due to the high controllability of VSC-HVDC and the
ability to produce or consume reactive power as needed, it could be used to improve the transient
stability of the AC system.

Keywords: VSC-HVDC, EMT, RMS, transient stability, slow dynamic studies, electric power
system, transmission system, PowerFactory, PSCAD
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1
Introduction

This chapter provide a background to the thesis, the aim of the thesis and an outline describing
the content.

1.1 Background

The first commercial installation of VSC-HVDC was operational in 1999, on the island of Gotland
in Sweden, whereas the more mature Classic HVDC has been in use since the 1950s [1]. VSC-
HVDC is a relatively new technology and it offers several advantages over Classic HVDC, some
which make VSC-HVDC especially suitable for e.g. integration of renewable energy sources such
as offshore wind farms, and the construction of HVDC grids which can be used to connect several
AC grids together [2]. With recent advances in power electronics, VSC-HVDC is becoming a
viable option with several projects in the planning stages, some which have already started
construction [3]. One such project is the South West Link in Sweden [4].

There has been a considerable amount of research regarding operation of VSC-HVDC, and
its interaction with AC grids. One concern is on how the introduction of VSC-HVDC will
impact the power system stability of the connected AC systems [5]. The power system stability
is usually evaluated through system studies, performed using computer software, which offer
detailed models of components such as synchronous machines and transformers. The VSC
models will introduce an increased complexity in the simulations due to the nature of the DC
dynamics, switching of the converter etc. which are fast compared to machine dynamics [5].
If a transient stability study is to be performed, focusing on the slow dynamics of the system
(e.g. machine dynamics), it would be in the range of seconds to several minutes [6]. If the
system include detailed models of VSCs the computational time would then increase drastically
due to the complexity of the associated models. However, the high level of detail could have a
negligible impact on the mechanical variables, such as rotor speed, torque of power output, when
investigating the transient stability of a system [7]. Therefore it is desirable to investigate if the
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CHAPTER 1. INTRODUCTION

detailed models can be simplified, decreasing the computational time while still maintaining an
acceptable accuracy in the results.

This project originated at STRI AB and have been performed in collaboration with the HVDC
grid research group at Chalmers, with the intention to investigate the possibility to develop
simplified models of VSC-HVDC for transient stability studies. It is based on previous research
on VSC-HVDC by Gustavo Pinares, the supervisor of this project and a member of the research
group.

1.2 Aim and Scope

The aim of this thesis is to develop a model of VSC-HVDC suitable for slow dynamic studies,
with its limitations and benefits properly identified. The model should then be used to study
the impact of VSC-HVDC on the operation of AC systems regarding transient stability.

As the focus of the report is on the development of a simplified model of VSC-HVDC, the
following considerations have been made:

• Optimal controller performance is not a part of the objectives of this thesis, what is of
interest is that the controller behaves similarly in both the RMS and EMT models.

• Differences between the two EMT models are only investigated if they are deemed large
enough to impact the results.

1.3 Thesis Outline

The thesis is organized as follows:

Chapter 1 is an introduction to the thesis, presenting its background and aim.

Chapter 2 presents theory on HVDC and slow dynamic studies based on a literature review,
covering power system studies for HVDC, HVDC modelling for slow dynamic studies and HVDC
grids - including HVDC topologies, control strategies and protection schemes.

Chapter 3 considers VSCs, showing some advantages of VSC-HVDC over Classic HVDC as well
as some more in depth theory regarding modelling of e.g. converters, phase reactors. Also, the
modelling of a control system to be used with a VSC is described.

Chapter 4 describes the implementation of a simplified model of a VSC-HVDC in PowerFactory.
It also contains a verification of the model when compared to more detailed models in both
PowerFactory and PSCAD.

Chapter 5 presents results from simulations carried out in a more complex multimachine system.

2



1.3. THESIS OUTLINE

Chapter 6 gives the conclusions of the study and it also provides a discussion as well as ideas
for future work on this subject.
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2
HVDC and Slow Dynamic Studies

This chapter present the results of a literature review covering the following subjects: power sys-
tem studies for HVDC interconnections, HVDC modelling for slow dynamic studies and HVDC
grids, including theory regarding topologies, control and protection.

2.1 Power System Studies for HVDC Interconnections

Power system studies are made in several areas and are an important activity for planning and
operation of the power system, but also to streamline the existing system. Studies are done
to e.g. propose a power system expansion that might be required and to look at the financial
aspect following such an expansion. The cost aspect might also be of concern during operation,
where reducing losses might be the goal. Another application of power system studies is a post
mortem analysis after undesirable events occur in the power system.

Scenarios that might be of interest include [8]:

• Network interconnections between islands and the mainland.

• Interconnections between countries with the ambition to involve more renewable energy
sources.

• Interconnections of asynchronous AC grids.

The stability of a power system is one of the most important areas to study. Power System
Stability can be defined as the capability of a power system to regain an acceptable state of
operational equilibrium when subjected to a disturbance. It can be split into three main cate-
gories: Rotor Angle Stability, Frequency Stability and Voltage Stability [9].

Rotor Angle Stability
Rotor angle stability refers to the capability of synchronous machines in a power system to

5



CHAPTER 2. HVDC AND SLOW DYNAMIC STUDIES

remain in synchronism. The goal is to keep the equilibrium between the electromagnetic torque
and the mechanical torque for every machine in the power system. It can be classified into two
categories, Small-Disturbance Angle Stability and Transient Stability. The main focus of this
thesis is within the transient stability area.

In a small disturbance angle stability analysis the ability of the power system to remain in
synchronism is studied for small disturbances, such as small variations in generation or loads.
For this kind of analysis the disturbances are considered small enough for the system equations
to be linearized.

A transient stability analysis aims at studying the power system following a severe distur-
bance. This could be, for example, in case of large changes in power in generation or load, or due
to a fault changing the transmission system configuration. For a transient stability study, the
time-frame of interest for the simulation is usually between 3 and 5 seconds after a disturbance.
This may be extended for larger power systems [6].

The two main methods for transient stability analysis are [9]:

1. Equal Area Criterion

2. Numerical Integration Methods

The first method, equal area criterion, is based on energy conservation and can be used to
graphically visualize and predict the stability scenario. However, this method is not applicable
for multimachine systems [9]. In this case numerical integration methods can be used instead.
These methods solve the differential equations of the power system for a given initial condition.
Computer software for power system simulations use numerical integration, and a general pro-
cedure of the process is presented in Figure 2.1.

6
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Estimate of 
variables

Calculation

Result

Comparison 
with known 

values

Satisfactory 
result?

Solution

Yes

No

Figure 2.1: A general procedure for numerical integration [10].

Frequency stability
Frequency stability is the ability of a power system to remain at a stable frequency. The goal
is to keep the balance between generation and load, and studies which can be of interest may
involve coordination of generating units of the power system or response times of certain equip-
ment.

Voltage stability
Voltage stability is the ability of a power system to keep stable voltage levels at all buses in the
grid after a disturbance. The goal is to keep equilibrium between demand and supply in the
power system. Voltage instability, reaching unacceptable voltages, can occur for several reasons
such as equipment reaching operational limits or line/generator outages. Voltage instability can
result in an avalanche of events causing voltage collapse where significant parts of the grid will be
out of commission. It can be classified into two categories: Large-Disturbance Voltage Stability
and Small-Disturbance Voltage Stability. In large-disturbance voltage stability studies significant
events such as fault or loss of generation are present. The time frame can be several minutes
to capture characteristics of equipment with slow dynamics. Small-disturbance voltage stability
refers to the ability of the system to keep stable voltages when subjected to small disturbances
such as a gradual increase in load. Studies of interest include e.g. the performance of the control
system.

However, even if it is effective to separate power system stability into different categories dur-
ing studies, in practice the overall stability of the system should always be considered. Solutions
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to problems within one category should not be at the expense of another [9].

In Figure 2.2 the classifications are illustrated.

Power System 
Stability

Voltage StabilityRotor Angle Stability

Large-Disturbance 
Voltage Stability

Small-Disturbance 
Voltage Stability

Small-Disturbance 
Angle Stability

Transient Stability

Frequency Stability

Long-termShort-term

Short-term Short-term Long-term

Figure 2.2: Classification of power system stability [6].

There have been previous projects focusing on power system studies regarding introduction
of HVDC and VSC-HVDC into AC grids. In [11] several control strategies are presented in order
to improve the voltage stability and the transient stability of such a system. Main conclusions are
that with a proper strategy for the control, the introduction of VSC-HVDC gives the possibility
to increase the transmission capacity as well as increasing both the voltage and the transient
stability of the overall system.

Another report, [12], which also study the effect of the integration of a HVDC link into an
AC system conclude that a HVDC link will contribute to increasing the stability of the network
it is connected to. A model for the DC link was developed using the software SIMPOW and
was tested on a simplified model of the Nordic network. The author states that if the link is
installed at a proper location, in some cases it can even save the system from a total collapse.

2.2 HVDC Modelling for Slow Dynamic Studies

Several reports have focused on the modelling of VSC-HVDC and Multi-Terminal HVDC (MTDC)
for power system stability studies. In [13], a general VSC-MTDC model is derived mathemat-
ically. It includes the converter, its controllers, DC circuit equations and AC/DC coupling
equations. The authors transform the converter equations into a rotating dq reference frame,
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assuming that the angle given by the PLL will align the system voltage with the q axis. The
current controller and outer controllers are implemented as standard Proportional Integral (PI)
regulators as the development of control systems for VSC-MTDC is not the aim of the study.
Then equations are derived for the DC circuit and generalized for any number of converters in
an MTDC configuration. For the converter controlling the DC voltage, the DC circuit dynamics
are approximated by a time constant, determined by the DC capacitors.

The authors use the principle of active power balance to couple the AC and DC equations,
finally arriving at the full model of a VSC-MTDC system with one converter controlling the DC
voltage. As the model is aimed at transient stability studies the level of detail in the HVDC
system is limited, but it can be used for studying the influence of the VSC-MTDC system on
the AC system and also the dynamics of the DC circuit. According to the obtained results from
the performed simulations the proposed model seems to be a good representation of an MTDC
system for transient stability studies.

In [14], the interaction between an MTDC grid and a multimachine AC system is investigated.
The authors aim to create a general model of an asymmetric, bipolar MTDC grid for stability
analysis when the system is subjected to e.g. DC-side faults, cable outages or converter outages.
The stability analysis is comprised of a modal analysis and transient simulations.

First, the entire system was transformed to the rotating dq reference frame following the
IEEE convention, with the converters represented by their averaged models. All converters,
except for one, are considered to control active power, with a single converter operating in the
DC voltage control mode. A generic π-model was used for the DC cable as a distributed model of
the cable has an infinite number of states associated with it and was therefore deemed unsuitable
for modal analysis. It was determined that using four cascaded π-sections a close approximation
could be obtained compared to the distributed model. Then a mathematical model of the
DC network was described, using both algebraic and differential equations. Following this a
combined AC-MTDC grid was modelled, with the generators, excitation systems, loads etc. in
the multimachine AC system described by their respective algebraic and differential equations.

The authors claim that the model is generic enough to handle any:

• Bipolar MTDC grid configuration.

• Grounding options.

• π-section approximations.

• DC side faults (location and type).

• Cable or converter outages.

Using a detailed model in PSCAD, the model was tested for both small and large distur-
bances, and the obtained results indicate that the model was a good representation in the case
of small disturbances, and a good enough approximation for large disturbances. Following this,
a modal analysis was performed and from this the conclusion could be made that instability in
some cases could only be associated to the DC side state variables.

The study performed in [15] consider small signal stability of VSC-MTDC. A generic model
of VSC-MTDC grids is developed and an analogy between AC and DC parameters is made. In
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the converter model a perfect decoupling between the d and q axes is assumed and the energy
stored in the AC filter, and its losses, is neglected to simplify the model for dynamic studies.
The modelling is simplified further by splitting the DC network into three elementary blocks,
one for each converter substation and one for the line. Contrasting to the previous two papers
presented in this section the cable is modelled using a T-model rather than a π-model. The
state space model was validated using the software EMTP-rv, and even though there was a
small static error due to the linearization, the dynamics of the state space model matched the
detailed model for small disturbances. Based on these models, a parametric study is performed
on the DC voltage droop parameter for a point-to-point link as well as a three terminal MTDC
grid to show its influence on the stability of the system.

2.2.1 Model Reduction

A model reduction can be done in order to decrease computational time at the cost of accuracy
that may not be needed for the specific study. In case of a long-term stability study for example,
transients that disappear quickly might not be of interest. The model reduction should be
performed in order to eliminate small time constants related to the system, and this coincide
with the assumption that fast dynamics are instant compared to slower.

Possible actions for the DC side could be to eliminate the dynamics of the DC cable and
the converter capacitor, making the network purely resistive. This would result in no dynamics
in the DC voltage and the current flowing through the lines. For the AC side, e.g. the fast
dynamics of the phase reactor could be eliminated.

In [7] it is suggested to keep the DC capacitors and phase reactor as they are the dominant
elements in the DC and AC side respectively. Time constants that can be removed are related
to the dynamics associated with the DC line, DC current and AC voltage, and their removal
will reduce the number of differential equations. Advantages of this include the need for less
data and the possibility to use a larger integration step size, increasing the calculation speed.

2.3 HVDC Grids

There are several areas of interest regarding HVDC grids, such as how they should be controlled,
how to implement protection schemes and what topology they should be arranged in. This
section aims to give a brief overview on these subjects.

2.3.1 HVDC Topologies

HVDC converters can be arranged in several different topologies, the most common being:

Monopolar
The monopolar configuration, as shown in Figure 2.3, uses a single line to connect two converters.
A positive or negative DC voltage can be used for the power transmission and the second terminal
of each converter is connected to ground. The path of the return current can go through the
ground or sea, or a metallic conductor used for the return current between the two earthed
terminals [9].
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Figure 2.3: Monopolar topology.

Bipolar
The bipolar configuration is the most commonly used topology in HVDC transmission [16]. It
uses a pair of conductors at positive and negative potential relative to ground respectively. It is
a more expensive topology than monopolar due to the increased transmission line cost but it has
several advantages over the monopole configuration. In case of the loss of a line, approximately
half the rated power can still be transmitted by using the bipolar configuration, by using the
remaining line in monopolar operation [9]. It is shown in Figure 2.4.

Figure 2.4: Bipolar topology.

Back-to-Back
The back-to-back configuration, as shown in Figure 2.5, has two converter stations located in
close proximity; at the same site or in the same building. In this configuration a transmission
line is not used. Back-to-back stations are used for connecting AC systems with either the same
or different nominal frequencies [9].

Figure 2.5: Back-to-back topology.
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Multi-terminal
An MTDC system connects three or more converter stations together and it provides the possi-
bility to interconnect several AC systems together. It can be arranged in several different ways.
If connected in series the current is controlled by one converter and it will be the same for the
whole system. The power is then controlled at the other converters by changing the DC voltage.
If the system is connected in parallel one converter will control the voltage and the others will
control the power by varying the current [9]. A series and parallel configuration can also be used
together in a so called hybrid configuration. Figure 2.6 show both configurations.

Figure 2.6: Series and parallel topologies of MTDC.

2.3.2 Control Strategies

The subject of control of VSC-HVDC have been considered in several reports, such as [5] and
[17], and depending on the characteristic of the AC grid connected to the VSC the control
objective will differ.

There are two types of AC grids: active and passive. If the AC grid is said to be passive,
the only power source in the grid is the VSC. If it is active, there are more sources than just
the VSC. The main concern for the VSC, if connected to a passive AC grid, is keeping the AC
line-line voltage constant [17].

In case of an active AC grid, the control objective of the VSC will depend on if the grid is
weak or strong. The strength of the AC system is defined by its Short-Circuit Ratio (SCR). It
is defined in [9] as:

SCR =
Short-circuit MVA of AC system

MW rating of DC converter
(2.1)

where the short-circuit MVA of the AC system is defined as

Short-circuit MVA =
V 2
AC

Zth
(2.2)

where Zth is the thevenin equivalent impedance of the AC system and VAC is the commutation
bus voltage at rated DC power.
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The AC system strength is then classified as [9]:

• High, for an SCR higher than 3.

• Low, for an SCR between 2 and 3.

• Very low, for an SCR below 2.

In a strong grid the AC voltage is constant unlike in a weak grid, where the AC voltage should
be controlled by reactive power compensation. Furthermore, when connected to an active AC
grid one must choose to either control for a constant DC voltage or for a constant power flow
[17].

Figure 2.7 shows suitable control-modes of the VSC depending on the classification of the
AC grid connected to it.

AC Grid

Passive Active

Control of AC 
voltage Weak Stiff

Control of AC 
voltage and active 

power

Control of AC 
voltage and DC 

voltage

Control of reactive 
power and active 

power

Control of reactive 
power and DC 

voltage

Figure 2.7: Classification of AC grids and control strategies [17].

From this it can be seen that there are five different ways of controlling the VSC depending
on the characteristic of the AC grid. This thesis will only consider active AC grids.

To be able to attain a power balance in the DC link at least one converter should always
regulate the DC voltage. In a point-to-point configuration it is common that one converter
controls the DC voltage with the other controlling the active power injection from the AC grid.
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The DC voltage controlled converter will then adjust its active power injection to ensure that
there is always a balance in the power flow [5, 17].

The most common control implementation for VSC-HVDC is called Vector Current Control,
which is discussed in detail in [18–21]. The main advantage of vector current control is the
ability to achieve independent control of active and reactive power. Currents and voltages are
transformed to a synchronous reference frame, called the dq reference frame, which is synchro-
nized to the AC system. In order to do this, a PLL is used to align the d axis to the voltage
of the filter-bus. Then the active and reactive power can be controlled by controlling the d and
q components of the current, respectively. Depending on what quantity should be controlled,
e.g. DC voltage or reactive power, an outer controller is implemented which outputs the desired
current reference to the current controller.

Even though it is the most widely used implementation, vector current control has some
limitations, as discussed in [21–23]. It is found that the potential of VSC-HVDC is not fully
utilized in the case where it is connected to very weak AC systems. Some of the problems
include low-frequency resonance and a negative impact on the performance of the VSC caused
by the PLL [22]. In order to overcome these limitations, a different control strategy called Power
Synchronization Control is suggested. The main feature is that an active power control loop is
used to synchronize the VSC with the AC system, similarly to a synchronous machine. Thus,
no PLL is required and the VSC can be seen as emulating a synchronous machine and there
is no requirement for the short-circuit capacity of the connected AC system [23]. In [22], the
control design is verified using PSCAD and it is also compared to vector current control. It was
found that by using power synchronization control it was possible to operate the VSC under
worse conditions than when using vector current control.

In an MTDC system, the control principles from the point-to-point configuration can be
extended with one converter controlling the DC voltage and the others the active power flow.
However, in [24] the authors illuminate the problems associated with having only one such
DC slack converter. The slack converter must be overdimensioned to be able to manage all
transients emerging from connected grids and if there is an outage of this DC slack converter,
the whole system will collapse. The authors also indicate that the decision of the geographical
placement of a DC slack converter will be problematic for these reasons, especially considering
a potential HVDC grid crossing national borders. One way to solve these problems could be
by migrating the voltage regulation objective to another converter; this is called voltage margin
control. However, while using a backup DC slack converter will help in case of an outage, the
need for overdimensioning of that converter will remain. Also, at the point where one converter
stops to regulate the voltage and another one starts, there might be some unwanted behaviour of
the controllers. To solve this issue, voltage droop control is introduced, where several converters
contribute to the objective of regulating the voltage, to lessen the impact of e.g. changes in
power. The voltage regulation is done via a droop characteristic at each converter which will
determine how much it should participate in regulating the DC voltage.

To avoid problems associated with a single DC voltage controller in an MTDC grid, [17]
have proposed a distributed voltage control. The strategy, based on mixture between voltage
margin control and voltage droop control, is concluded to be the most reliable and robust way
to control an MTDC system with no need of communication between the involved terminals.
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2.3.3 Protection Schemes

With large and complex MTDC grids interconnecting several systems, protection must be a
priority in order to ensure that the system can survive contingencies following faults. The main
challenge when extinguishing faults in DC systems compared to AC systems is the lack of a
zero-crossing in the current, making the development of an HVDC circuit breaker a challenge.
In the literature several different strategies have been proposed for VSC-HVDC protection, e.g.
in [25], [26] and [27]. Also, the new HVDC breaker proposed by ABB in November 2012 is an
interesting prospect for the future of HVDC protection [28]. Unlike existing mechanical breakers,
it uses power electronics and fast mechanics combined and is fast enough to secure a reliable
MTDC operation, with the capability to break up to 9 kA of current. The hybrid DC breaker
has been verified for voltages up to 320kV and rated currents of 2 kA in laboratory experiments
but it has not yet been tested under continuous operation [29].

In [26] the authors propose the handshaking method for locating and isolating DC faults in
MTDC systems. It is based on the assumption that DC circuit breakers are expensive, meaning
that it would not be economically feasible to use them extensively. A solution where the AC
circuit breakers of the converters are used together with cheap DC disconnectors to isolate the
fault is suggested. Cost is one of the driving factors, and it is stated that by using the suggested
method, significant savings can be achieved. The drawback is that the MTDC system will suffer
from a short interruption of service. The main challenge is considered the identification of the
faulted line, since it is desired that no communication is used between converters in the system.

The handshaking method can be explained using Figure 2.8 and Figure 2.9, showing a
small three-terminal MTDC system.

VSC
1

VSC
2

VSC
3

Switch 12 Switch 21

Switch 31 Switch 32

Switch 23
Switch 13

Figure 2.8: Handshaking method, part 1.

The currents at the end of the three lines are monitored at the VSC stations. Considering
a positive-line-to-ground fault, the DC fault current is defined as the difference between the
pre-fault and post-fault measurements, and its direction is indicated by the arrows in Figure
2.8. After the fault is extinguished using the AC circuit breakers, the protection system then
selects one line as the faulted line, opening the fast DC disconnector associated with it. The
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VSC
1

VSC
2

VSC
3

Switch 12 Switch 21

Switch 31 Switch 32

Switch 23Switch 13

Figure 2.9: Handshaking method, part 2.

rule of selection is the largest positive DC current, positive meaning away from the converter.
This means that VSC station 1 will identify the line between itself and VSC station 2 as the
faulted line, VSC station 2 the same line as VSC station 1 and VSC station 3 either of the two
lines connecting it to the other converters, depending on the amplitude of the currents. As can
be seen in Figure 2.9, the faulted line is now isolated and each non-faulted line has its switch
open at only one end, if at all. Then the AC circuit breakers are closed and the DC capacitors
are recharged. Every non-faulted line will then be recharged to high DC voltages, and when the
voltage at both sides of the open fast DC switch is the same it is allowed to close again, bringing
the system back into operation with the faulted line successfully isolated.

The reviewed literature agrees on that AC side protection is a good, cheap, solution for
point-to-point systems but it would cause unnecessary downtime in MTDC systems.
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3
Voltage Source Converters

This chapter gives an introduction to VSCs, including advantages over Classic HVDC, modelling
of VSC-HVDC and an explanation of how it operates. It also includes an overview of the vector
current control method.

3.1 Introduction

The development of HVDC technology came from a desire to increase the efficiency of the
transmission in a power system, as the losses of equally rated lines are lower for DC lines
compared to AC lines [30]. Today, there exist two types of HVDC systems: Classic HVDC,
which is line commutated, and VSC-HVDC, which is self-commutated. Classic HVDC is a
Current Source Converter topology (CSC) where the direction of the current in the DC link
does not change. For a VSC, the voltage polarity in the DC link stays unchanged [31]. In
contrast to Classic HVDC, which was introduced in the 1950s, VSC-HVDC is a relatively new
technology and the first commercial system was implemented on Gotland in 1999 [1].

Even if VSC-HVDC is less mature than Classic HVDC, the interest in VSC-HVDC is in-
creasing as it offers several benefits including [2]:

• Flexibility and controllability of the power flow.

• Multiterminal configurations.

• Fast response in case of disturbances.

3.2 VSC vs Classic HVDC

From a power system point of view a VSC can be seen as a voltage source which operates with
the same frequency as the AC system to which it is connected, controlling active and reactive
power independently of each other [30]. Classical HVDC consumes reactive power and needs
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a present AC voltage source for commutations, which is not the case for VSC-HVDC. This
makes VSC-HVDC suitable for restoration scenarios and it is claimed to possess a ”black start
capability” [30]. If a power reversal is desired, the VSC changes the direction of the current,
in contrast to Classic HVDC which changes the polarity of the DC voltage [31]. This makes
Classic HVDC unsuitable for MTDC configurations as changing the polarity of the voltage at one
converter would invert the polarity of all converters connected to the same DC grid, which may
not lead to the desired power flow [31]. VSC does not have this problem as the power flow can be
reversed at a single VSC without inverting the DC voltage polarity of the whole system. Also,
reversal of the power flow for Classic HVDC involves time consuming mechanical maneuvers but
with VSC it can be achieved almost instantaneously. Furthermore, Classic HVDC needs to be
connected to a strong AC grid as fluctuations in voltage or frequency may result in errors in
the commutation which can interrupt the power flow. With VSC, the power flow will only be
reduced in case of a voltage drop, depending on how large the reduction of the AC voltage is
[31]. The main disadvantage for VSC-HVDC is the switching losses, which are higher compared
to Classic HVDC. Since the introduction of VSC in the 1990s the conversion losses have been
reduced from around 3% to 1%, for Classic HVDC the conversion losses is around 0.5% [32]. For
point to point links, where large amounts of power need to be transferred, Classic HVDC is still
preferable. There are projects commissioned with a DC voltage of ±800kV and rated power of
7200 MW [33]. For VSC-HVDC, projects commissioned have voltage ratings up to ±350kV and
rated power up to approximately 900 MW [3].

In table 3.1 below a summary is shown.

Table 3.1: Comparison of Classic HVDC and VSC-HVDC

Classic HVDC VSC-HVDC

Line-commutated Self-commutated

Controls active power only Control active and reactive power

independently

Controls the power direction by Controls the power direction by

the polarity of the voltage the polarity of the current

Limited power reversal capability Power reversal almost instantaneous

Requires a strong AC grid Can supply a weak AC grid

Not feasible for MTDC configurations Feasible for MTDC configurations

Needs reactive power support Can inject or withdraw reactive

power depending on what is needed

Needs a present AC voltage Black start capability

Conversion losses around 0.5 % Conversion losses around 1 %
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3.3 VSC-HVDC Components

In order to understand the operating principle of VSC-HVDC it is important to understand
the components that such a system consist of. Figure 3.1 show a typical VSC-HVDC system
with converters, phase reactors, transformers, DC capacitors, AC filters and DC cables. These
components will be described in more detail in the subsequent sections.

AC
Filter

Transformer

AC
System

AC
System

AC
Filter

Phase reactor

Converter

DC cable

DC capacitor

Figure 3.1: A typical VSC-HVDC system and its components.

Converter
The converter is the most important component of the VSC-HVDC system and it is used to
transfer power from the AC side to the DC side when operating as a rectifier, or to inject power
into the AC side operating as an inverter. It uses Pulse Width Modulation (PWM) to generate
the desired voltage waveform. In this thesis, Sinusoidal Pulse Width Modulation (SPWM) is
considered where the basic principle is to compare a sinusoidal control voltage to a triangular
wave, also called a carrier wave. If the control signal is larger than the carrier wave, it will
switch on the corresponding valve in the converter and if the control signal is smaller it will be
switched off instead [34]. This is shown in Figure 3.2, which show the control voltage, carrier
wave and the actual voltage.
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Figure 3.2: Pulse width modulation

The modulation index, M, is defined as:

M =
vctrl
vtri

(3.1)

where vctrl is the amplitude of the control voltage and vtri the amplitude of the triangle wave.

The converter valves are usually Insulated-Gate Bipolar Transistor (IGBT) semiconductors
and can be arranged in several different configurations. The simplest configuration is the two-
level configuration, consisting of six valves. It is shown in Figure 3.3.

Figure 3.3: Two-level bridge configuration

The two-level configuration can produce two output voltages, +uDC and−uDC , at each phase
[35]. The main advantages of the two-level configuration are its simplicity and the reduced size of
DC capacitors. The main drawback of the two-level converter is that the obtained AC waveform
has a high harmonic content. While the switching frequency can be increased to make the
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harmonics appear at higher frequencies, to make them easier to filter, this will cause an increase
in switching losses [36].

In Figure 3.4, a three-level (12-pulse) bridge is shown.

Figure 3.4: Three-level bridge configuration.

In this configuration, the AC voltage waveform is generated by going through multiple inter-
mediate voltage levels. This will result in several advantages over the two-level bridge, including
lower losses, higher power density and a waveform with lower harmonic content [36].

Transformer
The transformer connects the AC grid with the converter and the main objective for the trans-
former is to transform the voltage level to a suitable level for the converter [17]. Besides trans-
forming the voltage to a suitable level, the transformer can help with the regulation of the
voltage with its tap-changer.

Phase reactor
The phase reactor has several uses: to regulate the active and reactive power flow and it also
functions as an AC filter to reduce high frequency harmonics caused by the switching in the
converter [9]. It will also limit the short circuit current in the case of a fault [37].

DC Lines
DC lines used can be either overhead lines or cables. Several factors impact the choice between
them, including the environmental impact and reliability of the system. Generally, cables are
used to reduce the risk of faults and to mitigate the environmental impact [38].

DC Capacitor
The DC capacitor is necessary to maintain a steady DC voltage during the switching of the
valves. In order to control the average DC voltage the capacitor can be charged or discharged
by exchanging active power between the AC and DC sides [39]. The choice of the capacitor size
is a trade-off between how much ripple is acceptable and the dynamic performance. A large
capacitor will smooth out the ripple at the cost of increased response time during changes in
voltage. A small capacitor will instead result in greater ripple but with reduced response time
[20].
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AC Filters
AC filters are used to filter out unwanted harmonics. They form part of the low-pass filter to-
gether with the phase reactor. The goal of the AC filters is to make sure that as little harmonics
as possible enter the AC system [19].

3.4 VSC-HVDC Modelling and Design

In order to use VSC-HVDC in simulations, equations are needed to represent its behaviour.
This section will give a brief overview of how the VSC-HVDC system is designed and modelled
for use in simulations.

Converter
When modelling VSC-HVDC, in the AC side the converter can be considered as an equiva-
lent AC voltage source with independent control of amplitude, phase and frequency [20]. The
instantaneous phase voltage vc of the VSC bridge can be described as

v̂c =
1

2
uDCMsin(ωet+ δ) + harmonics (3.2)

Where M is the modulation index, ωe the fundamental frequency and δ the phase shift of the
voltage.

Transformer
To represent the transformer, a π-equivalent model can be used together with an ideal trans-
former [7]. In this thesis, however, it is represented only by its leakage reactance to reduce
the complexity of the model. The reasoning behind this representation is that even if the tap
changers can help in regulating the voltage, they are not expected to operate within the time
frame of interest in this thesis [20]. The value of the reactance is usually between 0.1 to 0.2 p.u.
and a value of 0.10 p.u. was chosen, in series with a small resistance of 0.01 p.u. representing
the losses [40, 41].

Phase Reactor
The phase reactor is represented by an inductance in series with a small resistance. The pa-
rameters were chosen according to [42], with a reactance of 0.15 p.u. and a resistance of 0.015 p.u.

DC Lines
DC lines can be modelled using e.g. a π-model or a distributed model. The required detail of the
model depend on what type of study is of interest, and the length of the cable that is modelled [9].

DC Capacitor
In steady state, if the converter losses are neglected, the DC side power equals the AC side
power. If the power balance is broken the difference is stored in or extracted from the DC
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capacitor. This will lead to fluctuations in the DC voltage [20]. The current flow in the DC link
is given by

iC = CDC
duDC
dt

(3.3)

As mentioned in Section 3.3, the choice of capacitor size depends on whether the ripple
should be small or if the dynamic response should be fast. Even if it is assumed that there will
be no harmonics from the PWM, and therefore no ripple, in reality there will be. Therefore it
was decided that it should be designed with ripple in mind in order to get as realistic results as
possible, rather than overdimensioning it.

The size of the DC capacitor is characterized by the time constant τC , defined as the time
needed to charge the capacitor to uDC when supplied with a constant power PN .

τC =
0.5CDCu

2
DC,N

PN
(3.4)

In this thesis, a time constant of 5 ms was chosen. It will give a sufficiently small ripple and
a small transient on the DC voltage [19].

3.5 Control of VSC-HVDC

In this thesis, the control system for the VSC-HVDC system was implemented based on vector
current control since it is the one which is the most well-documented and widely used today
[22]. It was also the implementation used in [42], which this project used as a starting point.

3.5.1 Vector Control Method

As stated in Chapter 2, the main benefit of using vector current control for grid-connected
VSCs is to control the active and reactive power independently through an inner current control
loop. It uses the dq synchronous reference frame to represent three-phase quantities as constant
vectors in steady state [20], using PI-regulators to remove static errors in voltages and currents.

The vector current control method can be formulated using the single line diagram repre-
sentation of a VSC connected to a grid shown in Figure 3.5.
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Figure 3.5: Single-line representation of a VSC-HVDC system.

If all voltages and currents on the AC side are in the αβ stationary coordinate system, the
AC dynamics of the system are given by the dynamics of the phase reactor according to:

L
diαβ
dt

= vs,αβ − vc,αβ −Riαβ. (3.5)

By transforming these into the rotating dq reference frame:

L
didq
dt

= vs,dq − vc,dq − (R+ jωL)idq (3.6)

where the term jωL represent the time derivative of the rotating of the reference frame. If
Eq. 3.6 is split into its real and imaginary parts:

L
did
dt

= vs,d − vc,d − idR+ iqωL (3.7)

L
diq
dt

= vs,q − vc,q − iqR− idωL. (3.8)

The dq reference frame can then be aligned so that:

vs,d = v and vs,q = 0 (3.9)

which will give the power from the AC system as:

P = vs,did (3.10)
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Q = −vs,diq. (3.11)

For the DC side, the power is given as::

PDC = uDCiDC (3.12)

and the DC side dynamics is given by Eq. 3.3, where:

iC = iDC − iL. (3.13)

Figure 3.6 shows a typical control system for a VSC using vector current control, including
the PLL, inner current controller and outer controllers. This will be described further in the
coming sections.
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Converter
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to ABC

Current
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Figure 3.6: VSC-HVDC control system overview with vector current control.

PLL

In order to represent the currents as DC quantities to be controlled by a PI regulator it is
necessary to align the dq reference frame with the rotating voltage vector. The PLL is used
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to determine the phase angle of the voltage and to lock the dq axes to this angle [43]. In this
thesis the voltage vector is aligned to the d axis. This means that if the dq axes are aligned
correctly, vq will be zero. Therefore, vq can be considered an error and used as an input to a
PI regulator. Figure 3.7 shows the structure of a PLL including a feed-forward of the nominal
frequency which is used to reduce the time it takes for the PLL to lock on to the voltage.

PI Modulo 2π 
vq

+
+ 1

s

2πf0

θ 

Figure 3.7: Block representation of PLL.

3.5.2 Current Controller

Based on the equations derived in the previous sections the inner current controller can be
implemented in the dq-frame. The basic block diagram of the current controller is shown in
Figure 3.8.

PWMRegulator System+
-

idqirefidq

Figure 3.8: Simple block representation of current controller.

A further description of each block follows below.

Regulator
The regulator used is a standard PI regulator:

F (s) = Kp +
Ki

s
= Kp

(1/Kp + sTi))

sTi
(3.14)

where Kp, Ki and Ti are the parameters to be determined.

PWM
The input of the PWM converter is the voltage reference generated by the current control
loop, transformed from dq to αβ. It can be assumed that the converter voltage will follow the
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reference without any delay and that the harmonics caused by the switching will be removed by
the phase reactors and AC filters [20]. Thus, the operation of the PWM can be expressed in the
dq reference frame as:

vc,dq = vrefc,dq. (3.15)

System
Eq. 3.7 and 3.8 describe the system behaviour, and can be rewritten as:

vs,d − vc,d = L
did
dt

+ idR− iqωL (3.16)

vs,q − vc,q = L
diq
dt

+ iqR+ idωL. (3.17)

From these equations it can be seen that the model of the VSC in the dq reference frame is
a nonlinear Multiple-Input Multiple-Output (MIMO) system, and due to the speed/frequency
induced term present in each equation there will be a cross-coupling between the two axes [18].
This cross-coupling term can be considered a disturbance from a control point of view. In order to
achieve a good performance, a dual-close-loop current controller is required, with cross-coupling
and voltage feed-forward compensations [18, 20]. With separate inner loop controllers for id and
iq, the output of the current controller will be the voltage references for each axis respectively,

vrefc,d and vrefc,q . Taking into consideration the cross-coupling compensation and voltage feed-
forward the output of the regulator block will be:

vrefc,d = −(id,ref − id)F (s) + iqωL+ vs,d (3.18)

vrefc,q = −(iq,ref − iq)F (s)− idωL+ vs,q. (3.19)

If these are combined with Eq. 3.16 and 3.17 it will result in:

(id,ref − id)F (s)G(s) = id (3.20)

(iq,ref − iq)F (s)G(s) = iq (3.21)

where G(s) is defined as

G(s) =
1

sL+R
. (3.22)

Thus the cross-coupling terms are eliminated and independent control of the d and q axes
will be achieved. The complete current controller block diagram is shown in Figure 3.9 below.
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Figure 3.9: Detailed current controller

3.5.3 Outer Controllers

As is shown in Figure 3.6, the outer controllers consist of an active power controller, DC voltage
controller, reactive power controller and an AC voltage controller. Figure 3.10 use a DC voltage
controller to illustrate the cascaded structure of the control system.

Current 
Controller

Regulator System+
-

udcurefudc

Figure 3.10: Block representation of an outer controller.

A criterion when designing the outer controllers is that the outer control loop must be slower
than the inner control loop to ensure stability [44]. The inner current control loop can then be
considered instantaneous, so the current controller can be represented simply as:

idq = irefdq . (3.23)
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DC Voltage Controller

Control of the DC voltage is important since it ensures power balance between converters.
According to [19] the DC voltage can be controlled using a PI regulator. Adding a feed forward
of the current, the equation is:

(urefDC − uDC)(Kp +
Ki

s
) +

uDCiL
vs,d

= irefd . (3.24)

In order to relate the d axis current to the DC side current, as the power is assumed to be
the same on the DC and AC side of the converter Eq. 3.10 and 3.12 can be equalized, which
gives:

uDCiDC = vs,did (3.25)

which can be rewritten as:

iDC =
vs,did
uDC

. (3.26)

Also, taking into account the DC side dynamics, Eq. 3.3 and 3.13 can be combined, which
result in:

C
duDC
dt

= iDC − iL. (3.27)

Laplace-transforming this and rewriting it gives:

uDC =
iDC − iL
sC

(3.28)

which together with Eq. 3.24 and 3.26 complete the equations needed to describe the DC
voltage controller.

Figure 3.11 shows the block diagram of the DC voltage controller including the feed forward
of the current.

PI+
-

urefuDC Current 
Controller

+
+

vs,d

uDC

1
sC+

-

uDCiDC

vs,d

iL

uDCidi
ref id iDC

Figure 3.11: Block representation of a DC voltage controller.
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Active and Reactive Power Controllers

The active and reactive powers can be controlled in a simple way by the use of an open loop
controller, with the current references being generated as:

irefd =
P ref

vs,d
and irefq = −Q

ref

vs,d
. (3.29)

The accuracy can be improved using a feedback loop with PI regulators, as is shown in Figure
3.12.

PI+
-

Pref +
+

irefid

Pref

vd

P

PI
+
- -

+
irefiq

Qref

vd

Qref

Q

Figure 3.12: Block representation of active and reactive power control.

In this thesis, however, the power controller was implemented as an open loop controller as
the accuracy of this particular controller was not considered important.

AC Voltage Controller

The AC voltage controller was implemented as a simple droop controller. The basic principle of
a droop control is shown in Figure 3.13.

If the AC voltage magnitude differ from the desired level, reactive power should either be pro-
duced or consumed by the converter in order to increase or decrease the voltage, thus improving
the voltage profile.

This is implemented according to Figure 3.14, where RAC is the droop gain which represent
the slope in Figure 3.13.
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Figure 3.13: AC voltage droop graph.
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+
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vAC
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Figure 3.14: Block representation of the AC voltage droop controller.

3.5.4 Tuning

The current controller was tuned using Internal Model Control (IMC) based on the methods
used in [18, 20, 40]. This resulted in the following choice of parameters:

Kp = αL , Ki = αR and Ti = L/R (3.30)

where α is the closed loop bandwidth, which was selected as 10 times slower than the switch-
ing frequency of the converter, as suggested in [42].

Tuning of the DC voltage controller is outlined in [5, 21]. In this thesis it was done according
to [5] which led to the following parameters:

Kp,DC = αDCξC and Ki,DC =
α2
DCC

2
(3.31)

with αDC selected as 10 % of the closed loop bandwidth of the current controller and ξ
selected as 3, as suggested in [5].

The tuning of the PLL is based on [45, 46] where it is suggested to select the PLL parameters
according to:

Kp,PLL = 2αPLL and Ki,PLL = α2
PLL (3.32)
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with αPLL being the PLL bandwidth, which is typically in the range of 3-5 Hz [46]. In this
thesis it was selected to 5 Hz.

3.5.5 Current Limiter

Compared to electromechanical devices, such as motors and generators, VSC-HVDC do not have
any inherent overload capability. In some situations the outer controllers might set the current
reference higher than the current capability, which may damage the valves. In order to avoid
exceeding the current limitation due to control actions, the control system must have a current
limiter implemented [19, 20].

The current limiter is implemented by comparing the current limit, imax, with the current

magnitude calculated as
√
i2d + i2q . If the limit is exceeded, the reference currents will be limited

according to the chosen limiting strategy. Three different limiting strategies are discussed in [41]
and [20]. They are visualized in 3.15.

idi
ref

irefiq

idi
ref idi

ref

irefiqirefiqiq,lim iq,lim iq,lim

id,lim
id,lim id,lim

Figure 3.15: Different current limitation strategies.

One strategy is to prioritize the current reference controlling the active power. This strategy
is suitable for cases when the converter should transfer as much power as possible, e.g. when
connected to a strong grid. In cases when the converter is instead connected to a weak grid it
could be a good idea to prioritize the current reference controlling the reactive power. A third
strategy suggested is to keep the angle but limit the current magnitude.

The current limitation implemented in this thesis prioritizes the current reference controlling
the active power.
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4
Modelling and Implementation for

Slow Dynamic Simulations

This chapter give an introduction to the computer software used in this thesis, PowerFactory.
Then a description of the implementation approach is presented as well as an overview on how
the models of VSC-HVDC defined in PowerFactory differ from those defined in Chapter 3. Later
sections will explain the implementation of the system in PowerFactory and compare the models
to a more detailed model in PSCAD.

4.1 Introduction

In this thesis, the modelling and analysis was carried out in PowerFactory (version 14.0.525.4),
which is developed by DIgSILENT GmbH. PowerFactory can be used for steady state studies,
such as load flow and short-circuit calculations, as well as dynamic studies, such as transient
stability and electromagnetic transient analysis. Models with different levels of detail are pro-
vided depending on the purpose of the study. It is also possible to implement user-developed
models that can be interfaced with the built-in network models in order to design e.g. control
systems.

4.2 Implementation Approach

In order to develop a simplified model it was decided to use the RMS simulation mode in Pow-
erFactory, and to investigate to what extent the built-in models could be used. The developed
RMS model was then compared with an EMT model implemented in PSCAD, and another EMT
model implemented in PowerFactory. The goal was that the final RMS model should have a
response as similar as possible to the EMT models.

When comparing the models, some criteria had to be determined for whether or not results
could be deemed acceptable. Considering the focus on transient stability of this thesis, the
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following considerations were made:

• Differences between the models in DC side transients might be negligible as they are fast
compared to machine dynamics.

• Differences in reactive power during fast transients should have a small impact on machine
dynamics.

• Active power in the AC side is considered the most important quantity as that is what
will have the most influence on the machine dynamics.

4.3 RMS and EMT Simulations

For dynamic studies, PowerFactory has two simulation options that can be used: RMS, based
on simplified electrical transient models, and EMT, based on detailed electromagnetic transient
models.

In RMS simulations, electromagnetic dynamics of the electric network is neglected and volt-
ages and currents are defined as phasors, represented by the magnitude and the phase angle of
the steady-state sinusoidal waveforms. In this way, currents and voltages in the network are
found from algebraic equations rather than differential equations, i.e. in RMS simulations [47]:

u = jωLi and i = jωCu. (4.1)

The only differential equations that are considered are for the dynamic behaviour of con-
trollers and mechanical transients, e.g. the swing equation:

ωJ
dω

dt
= Pmech − Pel. (4.2)

In PowerFactory, RMS simulations can be performed in two different ways, using either
a symmetrical steady-state network model suitable for balanced network conditions, where the
network is simplified to only one phase, or a three-phase model suitable for unbalanced conditions
e.g. studies involving asymmetrical faults.

In EMT simulations, voltages and currents are represented by their instantaneous values and
the dynamic behaviour of network elements is also accounted for. In contrast to Eq. 4.1 above,
the voltage and current in an EMT simulation would be expressed as [47]:

u = L
di

dt
and i = C

du

dt
. (4.3)

Models used in EMT simulations are more detailed and are suitable for simulations of fast
transients under either balanced or unbalanced conditions. For transient stability studies as
well as evaluation of control systems, the RMS simulation modes are preferable as the simplified
network models allow for shorter computational times.
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4.4 PowerFactory Models

PowerFactory comes with a library of pre-defined components including models for e.g. syn-
chronous machines, cables and converters. There is also the possibility to use custom-made
models or macros together with the pre-defined models via the use of so called composite frames.
Models written in the Dynamic Simulation Language (DSL), which can be represented either
mathematically or graphically, can be connected to the grid elements via input/output relations
[48]. The following sections will describe built-in models that were relevant in this thesis.

4.4.1 PWM Converter Model

The PWM converter model in PowerFactory is based on a fundamental frequency approach
where at fundamental frequency, the ideal converter can be modelled as a DC voltage controlled
AC voltage source [49]. It can be described by the following equations (for values of |Pm| < 1,
Pm being the modulation index):

vAC,r = K0PmruDC (4.4)

vAC,i = K0PmiuDC (4.5)

and the active power conservation between AC and DC-sides:

PAC = Re(vACi
∗
AC) = uDCiDC = PDC (4.6)

where K0 will depend on the modulation mode used for the PWM. In case of SPWM, as is
used in this thesis, K0 will be:

K0 =

√
3

2
√

2
. (4.7)

No-load losses and load losses are included in the model, represented by a resistance between
the DC terminals and a series resistance respectively. Also included in the model is a series
reactance to simplify the modelling of the converter. The DC link capacitor, however, is not
included in the model so it has to be added externally. Figure 4.1 shows the complete model
without the DC link capacitor.

Depending on the type of study, the PWM converter model can be controlled as indicated
in the following sections.
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Figure 4.1: PowerFactory PWM converter model [49].

Power-flow
For a power-flow analysis, several control objectives can be specified:

• Vac-phi - The magnitude and phase of the AC terminal are specified. This control mode
is typically used with motor-side converters in variable speed drive applications.

• Vdc-phi - The DC voltage and AC voltage phase are specified. No typical applications.

• PWM-phi - Directly sets the PWM factor in magnitude and phase.

• Vdc-Q - The DC voltage and reactive power flow are specified. Typical applications
include Static Sycnronous Compensators (STATCOM) and VSC-HVDC.

• Vac-P - The AC voltage magnitude and active power flow are specified. Typical ap-
plications include VSC-HVDC and grid-side converters of converter driven synchronous
machines.

• P-Q - The active and reactive power flows are specified. Typical applications are the same
as for Vac-P.

• Vdc-Vac - The DC and AC voltages are specified. Typical applications are similar to
those of Vdc-Q.

In cases where the voltage or power flow is specified the controlled cubicle or bus-bar needs
to be specified.

Stability model
For stability simulations, the same fundamental frequency model as described above is used
and the converter is controlled by the PWM indices. Depending on the application, the PWM
indices of the converter can be determined in a number of different ways:
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• Pmr, Pmi - In this setting, the inputs to the converter are the real and imaginary parts
of the PWM index. This set of inputs requires the use of phase measurement devices as
they are in the global reference frame.

• Pmd, Pmq, cosref, sinref - When using this set of input variables, the PWM index can
be specified in a reference frame determined by cosref and sinref. This is convenient when
the control system is implemented in the dq frame and is combined with a PLL, as is the
case in this thesis.

• idref , iqref , cosref, sinref - This set of inputs uses the converters built-in current
controller, described in more detail below, which is defined in a reference frame determined
by cosref and sinref.

• Pmin, dphiu - This set of input variables is essentially the same as using Pmr and Pmi.

• Pmin, f0 - In this case, the magnitude of the PWM index can be set whereas the frequency
f0 allows for the frequency of the output voltage to be varied.

Current Controller
The built-in current controller of the PWM model is shown in Figure 4.2. It uses the id and
iq reference currents as inputs to calculate the voltage references. These are then transformed
back to the global reference frame inside the converter model.

Figure 4.2: PowerFactory built-in current controller [49].
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4.4.2 DC Cable

For the modelling of the DC cable it was decided that a π-model would be sufficient as the cable
length used was 100 km [9]. There is a built-in cable model in PowerFactory which was used.

The cable parameters are based on the values given in [42] and are shown in Table 4.1. The
rating of the cable is 600 MW and ± 300 kV.

Table 4.1: Cable parameters

Resistance (Ω/km) Inductance (mH/km) Capacitance (µF/km)

0.0376 0.189 0.207

4.4.3 PLL

The use of PLL models will differ greatly between RMS and EMT simulations. In EMT simu-
lations it will be used to lock on to a rotating quantity. In RMS, however, the voltages will not
rotate as they are represented by phasors, so the PLL will be used simply to correct the angle
of the steady-state phasor. PowerFactory has a built in PLL model for both RMS and EMT
simulations. Figure 4.3 show how it is implemented as described in the PowerFactory technical
reference documentation.

Figure 4.3: PowerFactory built-in PLL [50]
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4.5 Implementation

The following sections provide an overview of the system used in the implementation, as well as
a description of how each part of the system was implemented.

4.5.1 Point-to-point System Overview

The system was implemented using pre-defined models in PowerFactory to represent DC cables,
AC sources, DC link capacitors and the converters. Figure 4.4 shows the system used in this
thesis for verification purposes.

Figure 4.4: Overview of the point-to-point system used in simulations in PowerFactory.

The system consists of two VSC-HVDC systems connected together via DC cable, making
up the DC link. From now on they will be referred to as the western converter and the eastern
converter. The converters are then connected to different AC grids on both sides. The western
converter was set to control the DC voltage and the eastern converter to control the power.
Parameters used for this system can be found in Appendix A. The upcoming sections will
describe the model in more detail.

4.5.2 AC Grid

The AC grid that each converter was connected to was modelled by an AC voltage source in
series with an inductance. By varying the value of the reactance different SCRs could then be
achieved. For the initial calculations both converters were assumed to be connected to strong
AC grids, with an SCR of 6.
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4.5.3 Current Controller

The current controller was initially implemented based on the derivations presented in Chapter
3. However, it was found that for RMS simulations the controller had to be modified. As
explained in Section 4.3, PowerFactory use phasors to represent all voltages and currents in the
AC side for RMS simulations and the dynamic behaviour of e.g. inductances is not considered.
Therefore Eq. 3.5 has to be rewritten accordingly:

vs,αβ − vc,αβ = iαβR+ iαβjωL. (4.8)

Splitting this into the real and imaginary parts will give:

vs,α − vc,α = iαR− iβωL (4.9)

vs,β − vc,β = iβR+ iαωL. (4.10)

Due to the use of phasors there will be no rotating quantities, so assuming that the PLL
adjusts to any difference in angle these equations can easily be transformed into the dq reference
frame:

vs,d − vc,d = idR− iqωL (4.11)

vs,q − vc,q = iqR+ idωL. (4.12)

If the system transfer function in Section 3.5.2 is derived with this taken into account, the
system transfer function becomes:

G(s) =
1

R
(4.13)

rather than:

G(s) =
1

sL+R
, (4.14)

which is the case in EMT simulations. This means that the current controller parameters
need to be changed in order for the RMS model to have the same response as the EMT models.
From Figure 3.9 it could be seen that:

(irefd − id)(Kp +
Ki

s
))(

1

sL+R
) = id (4.15)

which can be rewritten as:

id

irefd
=

Kp + Ki
s

sL+R+Kp + Ki
s

. (4.16)

If Kp = αL and Ki = αR:
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id

irefd
=

α( sL+Rs )

sL+R+ α( sL+Rs )
(4.17)

which becomes:

id

irefd
=

α
s

1 + α
s

(4.18)

and finally:

id

irefd
=

α

s+ α
. (4.19)

Figure 4.5 show the current controller as it is represented in RMS simulations.
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Figure 4.5: Current controller for RMS

In the d axis this can be expressed as:

(irefd − id)(Kp +
Ki

s
)(

1

R
) = id (4.20)

which can be rewritten according to:

id

irefd
=

Kp + Ki
s

R+Kp + Ki
s

(4.21)
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which becomes:

id

irefd
=

sKp +Ki

s(R+Kp) +Ki
. (4.22)

If Kp is changed to:

Kp = 0 (4.23)

with Ki remaning as before, it will result in:

id

irefd
=

αR

sR+ αR
(4.24)

which can be rewritten as:

id

irefd
=

α

s+ α
. (4.25)

As can be seen in Eq. 4.20 to 4.25, selecting the parameters of the current controller ade-
quately for the RMS model results in the same transfer function obtained for the EMT model.
It should be noted that the implementation of the current controller is not straight forward in
PowerFactory since the voltage references cannot be used directly as inputs to the PWM con-
verter. Instead the PWM indices Pmd and Pmq are used as inputs. In order to get the desired
voltages from the PWM converter, the PWM indices should then be:

Pmref
d =

vrefc,d

uDC

2
√

2√
3
. (4.26)

Pmref
q =

vrefc,q

uDC

2
√

2√
3
. (4.27)

The controllers in PowerFactory were implemented in per unit, whereas the input to the
PWM should be in real values. Considering this, the indices should be (shown for the d axis):

Pmref
d =

vrefc,d,p.u.

uDC,p.u.

vc,d,base
uDC,base

2
√

2√
3

(4.28)

which will give that:

Pmref
d =

vrefc,d,p.u.

uDC,p.u.

√
2√
3
. (4.29)

The current controller was then implemented in PowerFactory for RMS simulations, which
is shown in Figure 4.6.
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Figure 4.6: Current controller implementation in RMS.

It should be noted that the current controller was implemented using a user-defined model
instead of the built-in current controller in the converter model. The main reason was the way
in which the PI-regulator was implemented in the built-in model:

F (s) = Kp(
1 + Tis

Tis
). (4.30)

As stated before, the proportional part of the regulator should be set to zero in order to
obtain the same response from the RMS model as the EMT model. However, if the proportional
would be set to zero in Eq. 4.30 the output from the regulator would always be zero. Thus it
would be difficult to obtain the same performance in the RMS and EMT models using the built-
in current controller. Other reasons were the lack of voltage feed forward and cross-coupling
compensation.

4.5.4 PLL

When investigating the performance of the built-in PLL models in PowerFactory and PSCAD,
the PLL in PowerFactory performed poorly while the PLL in PSCAD performed acceptably,
using the same parameters for both. Since no reference for the PLL model in PSCAD was
provided, a user-defined model of the PLL was implemented in PSCAD according to [50]. This
model was then compared to the built-in PLL model in PSCAD and, using the same parameters,
the results in PSCAD were similar if either PLL model was used. Based on this, it was concluded
that the PLL was implemented differently in PowerFactory than what was stated in [50]. In
order to verify this, the user-defined PLL model was implemented in PowerFactory as well and
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the results were then similar to the ones in PSCAD. Thus, the user-defined PLL model was
used in this thesis. Similarly to the current controller, the PLL had to be changed for RMS
simulations to accommodate the use of phasors. To achieve the same performance as for the
EMT models, the feed forward of the nominal frequency is not added in the PLL model for RMS
[50]. The resulting models for EMT and RMS simulations are shown in Figures 4.7 and 4.8.

Figure 4.7: Custom PLL implementation, EMT.

Figure 4.8: Custom PLL implementation, RMS.
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4.5.5 Outer Controllers

As there are no built-in models for outer controllers they had to be implemented using user-
defined models. Figure 4.9 shows the complete control system for a converter controlling active
power, including an active power controller, measurements coming from the grid models, PLL
and the current controller described in the previous section.

Figure 4.9: Active power control system implementation.

The DC voltage control system was modelled in the same way and it is visualised in Figure
4.10. Figure 4.11 shows the implementation of the DC voltage controller, and Figure 4.12
shows the AC voltage droop controller.
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Figure 4.10: DC voltage control system implementation.

Figure 4.11: DC voltage controller implementation.
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Figure 4.12: AC voltage droop control implementation.

4.6 Model Verification

The model verification was performed by simulating different cases which are detailed below.
From now on a power flow from the converter to the AC grid will be referred to as a positive
power flow and the opposite will be referred to as a negative power flow.

4.6.1 Negative Setpoint change

In this simulation the current reference is changed from 0 to -0.7 p.u. at 1 s. This corresponds
to a power of 420 MW from the eastern converter to the western converter. The reason for
doing this is to compare the current controllers of the three different models. In Figure 4.13 the
current in the d axis and the active power at the eastern converter is visualised and in Figure
4.14 the DC voltage and active power at the west converter is shown.
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Figure 4.13: d axis current and active power following a negative setpoint change.

Figure 4.14: DC voltage and active power following a negative setpoint change.
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As can be seen all models responds to the change equally following the current reference
step. This indicates that the current controller implementation in the RMS model correspond
well to the EMT models. The result also shows that, for the EMT models, the DC voltage and
active power at the western converter are similar. However, the RMS model differ slightly from
the EMT models during the transient.

Figure 4.15 shows the voltages in both the d and q axes for the western and the eastern
converter.

Figure 4.15: d and q axis voltages following a negative setpoint change.

For the voltages in the q axis, the RMS model perform well when compared to the EMT
models, but the voltages in the d axis differ greatly during the transient. This is due to the
fundamental difference in how AC grid elements are modelled in RMS simulations compared to
EMT simulations, as discussed in Section 4.3, and it can be explained by looking at Eq. 3.7, 3.8,
4.11 and 4.12. The dominant term in the d axis voltage comes from the dynamics of the phase
reactor, which is not present in the RMS model. In the q axis, however, the dominant term is
the cross-coupling which is represented similarly in RMS and EMT simulations. Studying the d
axis voltage over time, however, shows that the RMS model is a good indication of the steady
state value.

Figure 4.16 shows the AC voltage magnitude and the reactive power at both converters.
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Figure 4.16: AC voltage magnitude and reactive power following a negative setpoint change.

The magnitude of the AC voltage will differ in the RMS model for the same reason as why the
d axis voltage will differ during the transient. Studying the reactive power it can be seen that the
RMS model differ from the EMT models during the transient, but it does not affect the steady
state value after the transient. This is caused by the difference in the AC voltage magnitude
which is used as the input for the AC voltage droop controller. Also, the reactive power of the
western converter behave in a way that might seem counter-intuitive. When the voltage of the
western converter goes up the reactive power increases as well, whereas the expected behaviour
would be that it would decrease, in order to bring down the voltage. The reason for this is that
the implemented AC voltage droop controller has a filter added to it which causes it to react
slowly to changes. This means that even it the current controller follow the reference of the q
axis current well, the reference itself will be slow. As the active and reactive powers consist of
components from both the d and q axis voltages, as well as the fact that the q axis voltage will
not be zero during the transient the reactive power will be influenced, causing this behaviour.
However, in steady state it performs as expected.

4.6.2 Positive Setpoint change

In this simulation the power reference is changed from 0 to +0.7 p.u. at 1 s representing a
power flow towards the eastern converter. Figure 4.17 visualize the current in the d axis for the
eastern converter and the active power and Figure 4.18 show the DC voltage and active power
of the western converter.

In this simulation the models follows the reference like they did in the previous case. However,
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the difference between the RMS model and the EMT models is larger than in the simulation
case with a negative setpoint change. Moreover, it can be seen that the response of the EMT
models is more oscillatory compared to the negative setpoint change case, which is less apparent
in the RMS model.

Figure 4.17: d axis current and active power following a positive setpoint change.

Figure 4.18: DC voltage and active power following a positive setpoint change.
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Figure 4.19 and Figure 4.20 show the voltages in d and q axis, the voltage magnitude and
the reactive power for the eastern and the western converter.

Figure 4.19: d and q axis voltages following a positive setpoint change.

Figure 4.20: AC voltage magnitude and reactive power following a positive setpoint change.

Similarly to the previous case, the q axis voltage is represented well, and the d axis voltage
and the AC voltage magnitude provide a good representation of the steady state values, even if
they differ during the transient. As in the previous case, the reactive power during the transient
behaves differently in the simplified model, but it does not affect the steady state value after
the transient.
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4.6.3 Single-Line to Ground fault east

In this simulation a Single-Line to Ground (SLG) fault at the eastern AC terminal is applied at
1 s with the active power transfer being -0.7 p.u. The fault is cleared after 0.1 s. Figure 4.21
show the active power and the current in the d axis for the eastern converter.

Figure 4.21: Active power and d axis current, following a SLG fault at the east converter

When the fault is applied, the power transferred over the HVDC link is reduced due to the
voltage drop on the AC side of the converter. The d axis current is then increased by the power
controller, eventually reaching its limit. During the fault both EMT models start to oscillate at
twice the grid frequency, this is not represented by the RMS model. The absence of oscillations
in the RMS model is due to the phasor representation. After the fault is cleared the RMS model
coincide with the EMT models.

Figure 4.22 shows the DC voltage and active power for the western converter. As the DC
voltage controller attempts to balance the power on the HVDC link, the oscillations in the active
power of the eastern converter will spread to the western converter as well.
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Figure 4.22: DC voltage and active power following a SLG fault at the eastern converter

Figure 4.23 show the voltages in d and q axis and Figure 4.24 show the voltage magnitude
and the reactive power for the eastern and the western converter. The d and q axis voltages in
both converters are not represented well by the RMS model during the fault, but when the fault
is cleared the models coincide so the result can be considered acceptable. Again, the reactive
power during the transient differs between the RMS and EMT models, but it has a small impact
on the steady state result.
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Figure 4.23: d and q axis voltages following a SLG fault at the eastern converter.

Figure 4.24: AC voltage magnitude and reactive power following a SLG fault at the eastern
converter.
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4.6.4 Single-Line to Ground fault west

In this case a SLG fault at the western AC terminal is applied at 1 s, with an active power flow
of -0.7 p.u. The fault is cleared after 0.1 s. Figure 4.25 show the DC voltage, measured at the
western converter, and the active power for both converters.

Figure 4.25: DC-link voltage and active powers following a SLG fault at the west converter

Due to the AC side fault, the power that the western converter can inject into the AC grid
is reduced. In this case the loss of transmission capacity means that there will be an imbalance
in power in the DC side. This will cause the DC side capacitors to be charged, and the DC
voltage will rise. This behaviour is present for the EMT and RMS models, but during the
fault the behaviour in the active power for the RMS model is different. Similarly to Section
4.6.3 oscillations are present in the EMT models but not in the RMS model. When the fault is
cleared the capacitors will start to discharge bringing the system back to normal operation.

It is noticed that as the capacitors in the RMS model are charged faster than the EMT
models, it will return to steady state slower. However, the impact on the transient stability
is negligible as it would require a long time to reach a considerable difference between the DC
voltages in the RMS and EMT models, but in reality the voltage increase will be prevented.

Figure 4.26 shows the voltages in the d and q axes for the west converter and Figure 4.27
shows the AC voltage magnitude and the reactive power for the western converter. Once again,
the voltages in the d and q axis are different in the RMS model during the fault, but when the
fault is cleared they return to the same value as the EMT models. The reactive power behaves
similarly to the previous case, and the simplified model return to the same steady state value
as the EMT models.
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Figure 4.26: d and q axis voltages following a SLG fault at the western converter.

Figure 4.27: AC voltage magnitude and reactive power following a SLG fault at the western
converter.
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4.6.5 Three-Phase to Ground fault east

For this simulation a three-phase to ground fault is applied at the eastern AC terminal at 1 s
with an active power flow of -0.7 p.u. The fault is cleared after 0.1 s. Figure 4.28 and Figure
4.29 show the DC voltage and active power at the western converter and the active power at
the eastern converter.

Figure 4.28: DC link voltage following a three-phase to ground fault at the eastern converter.

Figure 4.29: Active powers following a three-phase to ground fault at the eastern converter.

The results show that the RMS model is a good representation in this case. Figure 4.30 and
Figure 4.31 show d and q axis voltages, AC voltage magnitude and the reactive power for both
converters.

58



4.6. MODEL VERIFICATION

Figure 4.30: d and q axis voltages following a three-phase to ground fault at the eastern converter.

Figure 4.31: AC voltage magnitude and reactive powers following a three-phase to ground fault
at the eastern converter.

Even though some deviations are noticed, the results from the RMS model are acceptable.

59



CHAPTER 4. MODELLING AND IMPLEMENTATION FOR SLOW DYNAMIC
SIMULATIONS

4.6.6 Three-Phase to Ground fault west

In this simulation a three-phase fault is applied to the western AC terminal at 1 s and cleared
after 0.1 s. The active power flow is +0.7 p.u.

Figure 4.32, Figure 4.33 and Figure 4.34 visualize the DC voltage, active and reactive
power, AC voltage magnitude and the voltages in d and q axis for the western converter.

Figure 4.32: DC voltage and active power following a three-phase to ground fault at the western
converter.

Similarly to case 4.6.4, the power that can be injected into the AC grid at the western
converter will be reduced (in this case to zero). Thus, the voltage will increase as the capacitors
are charged by the power flowing from the eastern converter. However, as the fault is symmetrical
in this case, the charging will take place at the same rate for the RMS and EMT models but
there is still a small difference in regards to how quickly the system returns to steady state
following the fault clearing. In the EMT models each phase is cleared independently when the
current crosses zero. In the RMS model, as it is not represented as a three-phase voltage, there
will be no zero crossing and instead the fault is cleared instantaneously.
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Figure 4.33: d and q axis voltages following a three-phase to ground fault at the western converter.

Figure 4.34: AC voltage magnitude and reactive power following a three-phase to ground fault at
the western converter.
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4.6.7 DC Line to Ground fault

In this simulation a DC line to ground fault was applied at the DC cable connecting the positive
converter terminals at 1 s, and it was cleared after 0.1 s. The active power flow was -0.7 p.u.
Figure 4.35 shows the pole voltages at the western converter.

Figure 4.35: Pole voltages following a line to ground fault on the DC side.

When the fault occurs, the voltage of the faulted cable drop from 0.5 p.u. to zero. As the
converter controls the voltage to 1 p.u. for the DC link, the voltage of the healthy cable will
increase towards 1 p.u. When the fault is cleared the previously faulted cable will not return to
0.5 p.u. as the objective of the converter controlling the DC voltage is not to balance voltage
in the DC cables. It should be noted that when the voltage drops initially in the DC link, the
power flow at the western converter will be reversed in order to charge the capacitors, bringing
the DC link voltage back to 1 p.u.

Figure 4.36 shows the DC voltage at the western converter. Figure 4.37 shows the active
power at both converters.

In this case, the RMS model appears to be a bad representation of the behaviour of the EMT
models during the fault. The active power behaves in a way that is difficult to explain, causing
the DC voltage to differ from the EMT models. However, when the fault is cleared the RMS
model returns to coincide with the EMT models. It should be noted that even if this difference
in the active power between the RMS and EMT models could impact the transient stability of
the connected AC grid.
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Figure 4.36: DC voltage following a line to ground fault on the DC side.

Figure 4.37: Active powers following a line to ground fault on the DC side.
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4.6.8 Weak AC Setpoint change

In this case the strength of the western AC grid was lowered and a positive set point change
occur at 1 s. Having a weaker AC grid will result in a bigger influence of the PLL on the system
dynamics and if the AC grid is too weak, the control system should not be able to handle it in
neither the RMS or EMT models. This is because the control system is based on vector current
control, which is not suitable for control in converters connected to weak AC grids [23]. The
simulation was performed in order to see if there is a point where the RMS model will fail to
represent the EMT and PSCAD models.

With an SCR of 1.5, which is considered a very weak grid, the EMT models were found to be
unstable and undamped oscillations were observed. In contrast to this, the RMS model manages
to return to steady state following the setpoint change. Figure 4.38 show the DC voltage at the
western converter.

Figure 4.38: DC voltage following a positive setpoint change with weak AC

In this case the RMS model cannot represent the behaviour of the EMT models at all, and
it can be concluded that for very weak AC grids, where the influence of the PLL will become
more significant, the RMS model will be a bad choice.

4.7 Summary of Verification Results

A summary of the results from the verification is presented below.
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• The changes in the current controller implementation resulted in almost no difference at
all between the current in the RMS and EMT models following a reference step.

• As the dominant term in the d axis voltage is dependant on the dynamics of the phase
reactor, it is not represented well by the RMS model during the transients. The q axis
voltage, however, is represented well as the dominant term is then the cross-coupling,
which is the same in both RMS and EMT simulations.

• For any event in which there will be an imbalance, such as an SLG fault, the RMS model
cannot be considered good representation of the EMT models during the fault. After the
fault, however, the RMS model will return to the same steady state value as the EMT
models so for transient stability studies the RMS model can still be considered a good
approximation of the EMT models.

• If an SLG fault occur at the converter controlling the DC voltage, the amount of power it
can inject into the AC grid is reduced, which will lead to that the DC link capacitors are
charged with an increase in the DC voltage as the consequence. In this case, the difference
in behaviour of the different models during the fault will impact the rate at which the
capacitors were charged. This means that when the fault is cleared, the DC voltage in the
RMS model will be higher than in the EMT models so it will take a longer time for it to
return to steady state. However, the voltage would have to rise to a high value in order
for this difference to have any significant impact on the results, and in practice the active
power controller should limit the power in case of an overvoltage on the DC link.

• In the case of a three-phase fault, the RMS model can be seen as a good representation
of the EMT models up until the point when the fault is cleared. Then the RMS model
will return to steady state faster than the EMT models. This is caused by the difference
in modelling between RMS and EMT. When a three-phase fault is cleared each phase is
cleared independently when there is a zero-crossing in the current. For the RMS model,
however, the fault is cleared instantly causing a difference in settling time. This difference
can be considered small, however, and as long as the clearing time is reasonably short the
model should be a good enough approximation.

• In the case of a DC fault the RMS model does not coincide well with the other models
during the fault, with a large difference in the active power. Depending on the strength of
the system this might have an impact on the results.

• Caution should be exercised when using the RMS model under conditions involving weak
AC grids, where the influence of the PLL on the performance of the controller will increase.
It was found that when lowering the SCR of the AC system while under high loading
conditions, the EMT models would become unstable earlier than the RMS model, which
still appeared to be stable.
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5
Results from Application Study

This chapter present results from simulations with VSC-HVDC in parallel with a multimachine
AC system.

5.1 Introduction

With the model verified, it was included in a more complex system to be used for evaluation of
the impact of VSC-HVDC on the transient stability when placed in parallel with an AC system.
This was also an opportunity to see how the model performed in a more complex system and to
investigate how the simulation times differed when using the RMS model. As the EMT models
in PSCAD and PowerFactory performed similarly during the validation it was decided that the
RMS model should only be compared to the PowerFactory EMT model for the simulations. The
system used for the simulations is shown in Figure 5.1 and it is based on a two-area, four-
machine system from [9], with a HVDC link added between buses 7 and 9. For each machine
a speed governor, Power System Stabilizer (PSS) and Automatic Voltage Regulator (AVR) was
implemented based on generic IEEE models as shown in [51, 52]. Parameters used for the system
can be found in Appendix B.

The AC-system is split into two areas: area 1, to the left in the figure, and area 2 to the right.
Machine 3, denoted M3 in the figure, is the slack machine and it is responsible for balancing
the power in the AC system. In order to satisfy the loads, 400 MW is transmitted from area
1 to area 2. The converter in area 1 is set to control the active power in order to control the
amount of power to be transmitted using the HVDC link, whereas the converter in area 2 is set
to control the DC voltage.
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Figure 5.1: Overview of the multimachine system with a parallel HVDC link.

5.2 Simulations

All simulations were performed in both the RMS and EMT simulation modes in order to com-
pare the computational speed and as an extra verification that the simplified model performs
adequately. However, only results from the RMS simulations will be shown unless there is a
discrepancy in the results.

5.2.1 Three-Phase to Ground Fault bus 8

The first case simulates a three phase AC fault close to bus 8. The fault is cleared by isolating
the faulted line after 100 ms. The simulation is repeated for three different power loadings over
the HVDC link:

1. Low loading - 0.1 p.u. (60 MW)

2. Medium loading - 0.35 p.u. (210 MW)

3. High loading - 0.65 p.u. (390 MW)

Where high loading correspond to almost all the power transmitted through the HVDC link.
The results were compared to the case when there was no HVDC link at all. Figure 5.2 and
Figure 5.3 show the machine speeds and mechanical power respectively.

68



5.2. SIMULATIONS

Figure 5.2: Machine speeds following the three-phase fault at bus 8.

Figure 5.3: Mechanical powers following the three-phase fault at bus 8.
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Studying the machine speeds following the fault it can be seen that with a parallel HVDC
link, the speed will not deviate as much as the case when there is no HVDC link and it will
return to steady state faster. When there is a parallel HVDC link, the deviation will be slightly
different depending on the loading of the HVDC link. When the system return to steady state,
the speeds will be different compared to before the fault. This is due to that the loss of a line
will change the configuration of the system, with a following increase in losses as the power have
to be transferred over only one line instead of two.

Comparing the case of low loading on the HVDC link with the other two cases (medium and
high) it can be seen that the deviation is larger when the loading of the HVDC link is low. This
is simply due to that if most of the power is transferred over the HVDC link the loss of a line
will have a smaller impact.

It can also be seen that even if little power is transferred over it, the addition of a HVDC
link will result in smaller deviations. One reason for this is that the HVDC link will provide
reactive power support to the AC system, improving the voltage levels and reducing losses.

Also, the computational time and model accuracy is compared for the RMS and EMT models.
This is illustrated in Figure 5.4 which show the machine speeds in both models following the
fault. It is shown for the case when 0.35 p.u. of power is transmitted over the DC link.

Figure 5.4: Machine speeds, comparison between RMS and EMT following the three-phase fault
at bus 8.

The computational time for the RMS model was in this case 39 seconds, and for the EMT
model it was 4 minutes and 28 seconds when using the same integration settings. These results
show a great improvement in computational time with almost no difference in the results.
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5.2.2 Converter Outage

The second case consist of a converter outage on the converter which is controlling the active
power. This case was performed in order to observe how the system would respond when the
power transfer suddenly had to shift from the HVDC link to the AC lines. The converter outage
was simulated for two different loadings in the HVDC link, 0.35 and 0.65 p.u. Figures 5.5 and
5.6 show the machine speeds and mechanical power respectively.

Figure 5.5: Machine speeds following the converter outage.

When the converter goes down the power transfer on the HVDC link goes down to zero and
the reactive power support in area 2 is lost. For both loading scenarios, the system remained
stable but if the loading of the HVDC link is higher the oscillations in the machine speeds will
be larger.

From the mechanical power it can be seen that the mechanical power of all machines will
differ compared to the initial value following the outage for the different loading scenarios.

Comparing the computational speed for this case, the RMS model completed the simulation
in 1 minute and 46 seconds and the EMT model completed the simulation in 5 minutes and 22
seconds.
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Figure 5.6: Mechanical powers following the converter outage.

5.2.3 DC Line to Ground Fault

In this case a DC side fault was simulated in order to study the impact on the AC system.
Similarly to the converter outage, it was done for two different loadings, 0.35 and 0.65 p.u. The
behaviour of the HVDC link was similar to what could be seen in Section 4.6.7. Following the
fault, the voltage of the faulted pole went down causing the voltage of the HVDC link to drop
significantly. This caused the converter controlling the DC voltage to reverse its power flow in
order to bring back the HVDC link voltage to 1 p.u. Figures 5.7 and 5.8 show the machine
speeds and mechanical power respectively.

Looking at the machine speeds, the loading of the HVDC link appear to have almost no
impact on the results. Following the reversal in power flow at the converter controlling the DC
voltage, the speed will go down for all machines as there will now be extra power flowing into
the HVDC link in order to charge the capacitor as well as the power required by the loads.

This can also be seen from the mechanical powers of the machines, which will rise following
the fault in order to compensate for the additional power needed in the system. As expected,
machine 3 is the only one to be significantly affected by the loading of the HVDC-link as it is
the slack.
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Figure 5.7: Machine speeds following the DC fault.

Figure 5.8: Mechanical power following the DC fault.
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Considering the results from Section 4.6.7, there was some concern if the odd behaviour in
the active power during the fault in the RMS model would have an impact on the results. In
order to investigate this, the electrical power, mechanical power and speeds were compared for
the RMS and EMT models. This is shown in Figures 5.9, 5.10 and 5.11.

Figure 5.9: Electrical power for RMS and EMT following the DC fault.

Figure 5.10: Machine speeds for RMS and EMT following the DC fault.
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Figure 5.11: Mechanical power for RMS and EMT following the DC fault.

In this case, even though the electrical power differed greatly between the RMS and EMT
models during the fault, the impact on the results can be considered negligible. This is in part
due to the strength of the AC system used in the simulations.

Similarly to the previous two cases, the RMS model showed a significant reduction in com-
putational time needed for the simulation. It completed the simulation in 20 seconds, whereas
the EMT model needed 4 minutes.
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5.3 Summary of Application Study

In the first case, the results have shown that the introduction of a parallel HVDC link decrease
the deviations in machine speeds following the fault, even if little power is transmitted over
it, thanks to the reactive power support it provides. The second case have investigated the
consequences of a converter outage, when power is suddenly transferred back to the AC lines.
It has been found that if the HVDC link is heavily loaded, the impact on the machine speeds
is greater as more power has to be shifted from the HVDC link to the AC lines. For the third
and final case there have been some concerns regarding the behaviour of the active power in the
RMS model, and if it will have an impact on the results. Despite the difference in active power,
in this case the impact on the machine speeds have been deemed negligible.

Table 5.1 shows the computational time of the different models for the simulation cases, and
the maximum error in machine speeds for the RMS model when compared to the EMT model.

Table 5.1: Simulation Results

Simulation RMS EMT Maximum

cases Computational time Computational time error [p.u.]

Three-phase fault 39 s 4 min 28 s 2.0986e-4

Converter outage 1 min 46 s 5 min 22 s 5.209e-5

DC fault 20 s 4 min 5.610e-5

The results show that the RMS model give great gains in computational speed with almost
no loss in accuracy.
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Closure

This chapter present conclusions with some discussion as well as some suggestions for future
work on this subject.

6.1 Conclusions

A detailed model of a VSC-HVDC was developed in PSCAD and PowerFactory for EMT sim-
ulations. This included developing and implementing a control system which was done based
on vector current control. As the main goal of the thesis was to develop a model suitable for
slow dynamic studies, it was investigated how the model would have to be adjusted for use in
simplified RMS simulations. The RMS simulation mode of PowerFactory differs from the EMT
simulation mode in several ways, and the control system had to be changed as follows.

• Due to the representation of AC dynamics in the RMS model, the current controller had
to be adjusted in order to achieve the same response as the EMT models. It was concluded
that in order to achieve this, the proportional part of the current controller should be put
to zero, with the integrating part remaining the same.

• As the RMS model uses phasors instead of rotating quantities the PLL had to be adjusted
accordingly. This meant removing the feed forward of the nominal frequency in the RMS
implementation.

It was investigated to what extent the built-in models in PowerFactory could be used, rather
than having to develop user-defined models. It was concluded that converters, cables, capacitors
and phase reactors could be represented in a satisfactory way by the built-in models, whereas
the current controller and PLL had to be implemented manually. The reasoning behind this was
based on shortcomings in the implementation, as was the case for the current controller, and a
lack of documentation corresponding to the model behaviour, which was the case for the PLL.
As there were no built-in models for the outer controllers they had to be implemented manually.

77



CHAPTER 6. CLOSURE

A comprehensive validation has been performed in order to analyse the performance of the
RMS model when compared to the more EMT models. This was done by simulating several
different cases, including e.g. reference steps, single line to ground faults and DC side faults and
comparing the results. It was concluded that the simplified RMS model performed very well
in most cases, and that it could be considered an adequate representation of the EMT models
considering transient stability studies. There are, however, some limitations in the model that
should be considered.

With the model validated, it was then included in a larger four-machine system in order
to compare the computational times between the RMS and EMT models, and to analyse the
impact of VSC-HVDC on the AC grid.

• It could be seen that the RMS model produced similar results to the EMT models in all
cases, with a major reduction in computational time.

• It was found that the introduction of VSC-HVDC into an AC system can help to improve
the transient stability due to several reasons, including the ability to provide reactive power
support to improve the voltage profile and its high controllability.

• It was found that the amount of loading of the HVDC link affected the machines following
a fault. Considering the system as a whole it can be seen that consideration should be given
as to how the VSC-HVDC should be operated in order to give the maximum improvement
to the transient stability.

6.2 Future Work

In order to further evaluate the usefulness and performance of the simplified model, some possible
areas of interest for future work are:

• Extending the system to an MTDC configuration. This will require changing the outer
controllers but as one of the future uses of VSC-HVDC is expected to be in HVDC grids,
further research should be done.

• It can be investigated if the model can be reduced further while still being accurate enough
for transient stability studies. This can involve e.g. removing the π-model representation
of the DC cables and replacing them with only a resistance, as mentioned in Chapter 2.

• As the system used in the simulations is strong, extended system studies can be performed
using the RMS model in a weaker system.
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A

VSC-HVDC parameters

Converter Data

Ratings; S = 600 MVA, VAC = 300 kV, VDC = 300 kV, f = 50 Hz

fsw = 2 kHz τc = 0.005 s ε = 3

Lph = 0.25 pu Rph = 0.0025 pu CDC = 3.14159 pu

DC Voltage Controller

KP 4.61718

Ti 0.0206821

α 0.4 pu

Current Controller

RMS EMT

KP 0 1

Ti 0.31831 0.31831

α 4 pu 4 pu

83



APPENDIX A. VSC-HVDC PARAMETERS

AC Voltage Controller

RAC 10

TAC 0.05
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B
Multimachine system parameters

Generator Data

Base; 900 MVA, 20 kV, 50 Hz

Xd = 1.8 X ′d = 0.3 X ′′d = 0.25 Vsat = 0.015

Xq = 1.7 X ′q = 0.55 X ′′q = 0.25 Bsat = 9.6

Xl = 0.2 T ′do = 8.0 s T ′′do = 0.03 s ψT1 = 0.9

Ra = 0.0025 T ′qo = 0.4 s T ′′qo = 0.05 s KD = 0

S1,0 = 0.039 S1,2 = 0.223

H = 6.5 (For G1 and G2) H = 6.175 (For G3 and G4)

Transmission Lines

Base; 100 MVA, 230 kV

r = 0.0001 pu/km xl = 0.001 pu/km bc = 0.00175 pu/km

Transformers

Base; 900 MVA, 20/230 kV

X = 0.15 pu

Off-nominal ratio = 1.0
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APPENDIX B. MULTIMACHINE SYSTEM PARAMETERS

Operating Condition

G1 P = 700 MW Q = 185 MVAr Vt = 1.036 20.2◦

G2 P = 700 MW Q = 235 MVAr Vt = 1.016 10.5◦

G3 P = 719 MW Q = 176 MVAr Vt = 1.036 − 6.8◦

G4 P = 700 MW Q = 202 MVAr Vt = 1.016 − 17.0◦

Bus 7 PL = 967 MW QL = 100 MVAr QC = 200 MVAr

Bus 9 PL = 1767 MW QL = 100 MVAr QC = 350 MVAr

For the synchronous machines, a PSS, AVR and speed governor was implemented based on
[53]. This is shown in Figure B.1 and Figure B.2.

Figure B.1: PSS and AVR implementation.

PSSAVR parameters

Ka = 200 Tr = 0.01 Vs,max = 0.2

Ks = 20 T1 = 0.16 Vs,min = −0.2

T2 = 0.02 Efd,max = 5

Tω = 10 Efd,min = −5
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Figure B.2: Speed governor implementation.

Speed governor parameters

K1 = 15 T1 = 0.1 T5 = 4.25 Rmax = 1.1

K2 = 0.25 T2 = 0 T6 = 0.72 Rmin = −0.5

K3 = 0.25 T3 = 0.25 Pmax = 1.1

K4 = 0.5 T4 = 0.42 Pmin = 0
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