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Preface

This thesis is submitted to the University of the Basque Country (UPV) in partial
satisfaction of the requirements for the degree Doctor of Philosophy. The present
thesis has been developed at Tecnalia Research Innovation in Derio (Spain) and
at the Department of Electrical Engineering of the University of the Basque
Country (UPV-EHU) in Bilbao (Spain). The PhD thesis has been conducted
in the period from March 2016 to December 2019 with Dr.Pablo Eguia and Dr.
Maider Santos as supervisors. In 2019, the author moved to the Norwegian
University of Science and Technology (NTNU) at the department of Electrical
Engineering for an international research stay, where a collaborative work was
developed with Professor Elisabetta Tedeschi and Dr Gilbert Bergna.

This work is part of the activities in the HVDC Link and Road2DC projects.

The HVDC Link project, HVDC links for marine energy evacuation: future
solution, funded by Basque Government, has been a collaboration between Tec-
nalia, the University of the Basque Country, Arteche and Ormazábal. Within
this project, a simulation and an experimental platform have been developed
which represents the complete marine energy system connected to the AC grid
though a point-to-point HVDC link. In this PhD thesis, the control strategies
of such system and interaction with AC grid control layers have been validated
via simulations in DIgSILENT PowerFactory.

The Road2DC project, New Tools for the Design and Control of Hybrid AC/DC
Distribution, funded by Basque Government, has been focused on settling the
necessary technical and scientific basis through the development of mathemat-
ical and control tools to demonstrate the applicability of hybrid AC/DC grids
from the perspective of efficiency and reliability, allowing the industrial network
of the Basque Country to design and develop solutions for the future electrical
grids. In order to achieve the mentioned objective, different agents have formed
a Road2DC consortium, namely: the Polytechnic School of Mondragon Unib-
ertsitatea, the technological Institute of Deusto Foundation of the University of
Deusto, Tecnalia Research & Innovation, IK4-IKERLAN and the R&D Company
unit of Ingeteam R&D Europe, S.L. The main research paper of this PhD thesis
has been in line with the Road2DC project objective.

In addition, this research work is of high interest for Tecnalia in the aim of being
experts in instability issues of renewable energy systems.
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Abstract

With the massive integration of renewable energy sources in the AC networks, the
AC grids are becoming weaker and weaker, more complex and chaotic. Phenom-
ena such as the disconnection of AC lines, trip of converters or load variations
produced by the intermittent nature of renewable generation, are starting to
provoke changes in the impedance and inductive-resistive characteristic values of
even the stiff AC networks. As long as the AC network is weakened, its equivalent
impedance increases and this derives into undesired changes in the active and
reactive power magnitudes, which imply sudden voltage variations at different
points of the AC grid. Alongside with it, this also causes the possible deteriora-
tion of converters and the worsening of power quality. A partial solution to this
issue is to curtail power where it is generated, but at the cost of increasing local
losses. Another solution is to improve the robustness of converter’s control to
make them able to cope with these increasingly frequent scenarios.

Voltage source converters, and especially modular multilevel converters, present a
set of features which make them ideal for this type of scenarios as they have a bet-
ter dynamic performance compared to current source converters, since they op-
erate at a higher switching frequency. Besides, voltage source converters present
low-voltage ride through capabilities and decoupled control of active and reactive
power, which makes them able to cope with undesired changes in the balance of
active and reactive power.

The inner control schemes of a voltage source converter have been implemented
generally by means of proportional integral controllers, although they produce
errors in steady-state regime, do not manage events in unbalanced load-flow and
their implementation requires decoupling the dependency in three-phase systems.
Within the last decade, proportional resonant controllers have appeared as an
alternative to proportional integral controllers, since they allow the handling of
balanced and unbalanced operation and the removal of the phase-locked loop
and Park transforms.

Different methodologies have been developed for the control of voltage source
converters, generally governed by proportional integral controllers, under scenar-
ios such as the progressive reduction of the strength of the AC grid to which
they are connected. However, very few studies have been carried out on voltage
source converters controlled by proportional resonant schemes, where the AC grid
is weakened progressively. And still less where the variations of the inductive-
resistive characteristic of the AC grid have been considered in such scenario.
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Above all, no study has determined the minimum percent variation of X/R ratio
that could drive the system to instability, even when their proportional resonant
controllers have been designed for weak AC grid ranges.

In this PhD thesis, a methodology is proposed to tune the proportional resonant
controller of a voltage source converter connected to an AC grid with variable
strength and X/R ratio. Such methodology is based on two formulations to study
the small signal stability of the system: the state-space system representation and
the system’s eigenvalues trajectories. By means of the state-space representation,
a small signal model of the system under study is constructed. Once constructed,
the small signal model is validated with simulations in DIgSILENT PF. The
methodology uses the trajectories of eigenvalues of the small signal model to
characterise the small signal stability of the system. This process is carried out,
on the one hand, by considering the variability of the AC grid stiffness while the
X/R ratio is constant and, on the other hand, while the X/R ratio varies. In
each stage, ranges of PR kp and ki values which ensure stability are obtained, as
well as other ranges which cannot maintain it. However, the results of this PhD
thesis demonstrate that a small deviation of 20% in the X/R ratio drives the
system to instability. In such cases, the methodology proposes two new tuning
strategies for PR controller to return the system to the stable region when the
AC grid is weak, and its X/R ratio has been slightly modified.

Finally, several electromagnetic transient (EMT) simulation results in DIgSI-
LENT PF verify both stable and unstable cases and the new tuning strategies
proposed by the methodology. Besides, the methodology, analysis, cases and
new tuning strategies have been justified to be extended for modular multilevel
converter topologies, under the compensated modulation approach.
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Resumen

Con la creciente integración de las energías renovables, las redes eléctricas AC
se están volviendo cada vez más débiles, más complejas y caóticas. Fenómenos
como la desconexión de líneas AC, el bloqueo de convertidores, o variaciones
de carga debidas a las intermitencias de la generación renovable, están comen-
zando a producir cambios en los valores de impedancia y en las características
inductivo-resistivas de incluso las redes fuertes. Conforme una red AC se debilita
su impedancia equivalente aumenta, y esto provoca cambios indeseados en las
magnitudes de potencia activa y reactiva, que derivan en variaciones repentinas
de tensión en diferentes puntos de la red AC. Esto también conlleva el deterioro
de los convertidores y empeoramiento de la calidad de onda. Una solución par-
cial a este problema es limitar la potencia allí donde se genera, en perjuicio de
aumentar las pérdidas locales. Otra solución es introducir controles de conver-
tidores más robustos, para que sean capaces de sortear estos escenarios cada vez
más frecuentes.

Los convertidores de fuente de tensión, y en especial los convertidores modulares
multinivel, presentan una serie de prestaciones que los hacen idóneos para esta
clase de escenarios, dado su mejor comportamiento dinámico frente a los conver-
tidores de fuente de corriente, al operar a una frecuencia de conmutación mayor.
Además, los convertidores de fuente de tensión disponen de capacidades LVRT
y control desacoplado de potencia activa y reactiva, lo que les hace resilientes
frente a cambios indeseados en el balance de potencia activa y reactiva.

Los controles internos de los convertidores de fuente de tensión se han implemen-
tado generalmente por medio de controladores proporcional integrales, a pesar
de que producen errores en régimen estacionario, no operan en régimen de flujo
desequilibrado y su implementación requiere desacoplar su dependencia de fase
en sistemas trifásicos. En la última década, los controladores proporcional res-
onantes han aparecido como alternativa a los proporcional integrales, debido a
su capacidad de manejar operación tanto equilibrada como desequilibrada y a
que eliminan la necesidad de utilizar un phase-locked loop y las transformadas
de Park.

Se han desarrollado diversas metodologías para el control de convertidores de
fuente de tensión, generalmente mediante controladores proporcionales inte-
grales, en escenarios como la reducción progresiva de la fortaleza de la red AC a
la que están conectados. Sin embargo, muy pocos estudios se han realizado con
convertidores de fuente de tensión gobernados por controladores proporcional
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resonantes, donde la red AC sea progresivamente más débil. Tampoco se han
considerado en dicho escenario variaciones de la característica inductivo-resistiva
de la red AC. Y sobre todo, qué variación mínima porcentual del ratio X/R po-
dría desestabilizar el sistema, aún cuando su control se haya diseñado para los
rangos de red AC débil.

En esta tesis doctoral se propone una metodología de parametrización del con-
trol proporcional resonante de un convertidor de fuente de tensión conectado a
una red AC con fortaleza y característica inductivo-resistiva variables. Dicha
metodología se basa en dos formulaciones para el estudio de la estabilidad de
pequeña señal: la representación del espacio de estados y las trayectorias de los
autovalores del sistema. Con la representación del espacio de estados se ha con-
struido un modelo de pequeña señal. Una vez construido se ha validado con
simulaciones EMT en DIgSILENT PF. La metodología usa la trayectoria de los
autovalores del modelo de pequeña señal para caracterizar la estabilidad de pe-
queña señal del sistema objeto de estudio. Este proceso se ha efectuado, por
un lado, considerando una fortaleza variable de red AC mientras el ratio X/R
es constante, y por otro, mientras el ratio X/R varía. En cada una de las dos
etapas se han obtenido rangos de valores kp y ki del controlador PR que aseguran
la estabilidad y otros que no la pueden mantener. Sin embargo, los resultados
de esta tesis demuestran que tan solo una desviación del 20% en el ratio X/R
con respecto a su valor habitual puede hacer perder al sistema su estabilidad
en pequeña señal cuando la red AC es débil. En tales casos, la metodología
propone dos nuevas estrategias de parametrización del control proporcional res-
onante para devolver el sistema a la estabilidad cuando la red AC es débil y su
ratio X/R se ha modificado levemente.

Finalmente, se han obtenido distintos resultados de simulación EMT en DIgSI-
LENT PF que han permitido verificar los casos tanto estables como inestables
y las estrategias de parametrización propuestas por la metodología. Además, se
ha justificado la extensión de la metodología para la topología de convertidor
modular multinivel bajo la hipótesis de modulación compensada.
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Laburpena

Korronte alternoko sareak gero eta ahulagoak, konplexuagoak eta kaotikoagoak
bilakatzen ari dira, energia iturri berriztagarrien integrazio masiboa dela
eta. Korronte alternoko lineen deskonexioak, bihurgailuen desarratzeak edota
iturri berriztagarrien aldakortasunaren ondoriozko karga-aldaketak sareetako
inpedantzia eta ezaugarri induktibo-erresistiboetan aldakuntzak eragiten ari dira,
baita sare sendoetan ere. Korronte alternoko sarea ahultzen doan einean, haren
inpedantzia baliokidea handitzen da eta horrenbestez, potentzia aktiboaren eta
erreaktiboaren magnitudeetan aldaketa kaltegarriak sortzen dira. Hala, tentsioak
bat-bateko gorabeherak jasan ditzake sarearen puntu ezberdinetan. Ondorioz,
bihurgailuak honda daitezke eta hornidura elektrikoaren kalitateak okerrera egin
dezake. Konponbide posible bat tokiko potentzia-sorkuntza mugatzea da, baina
galerak eragitearen truke. Gero eta ohikoagoak diren egoera horiei aurre egiteko
beste irtenbide bat bihurgailuen kontrol-algoritmoen sendotasuna hobetzea da.

Tentsio-iturriko bihurgailuek (ingelesez VSC) eta bereziki maila anitzeko bihur-
gailuek (ingelesez MMC) jardunbide dinamiko hobea dute korronte-iturriko bi-
hurgailuekin (ingelesez CSC) alderatuz gero, kommutazio-maiztasun handiagora
lan egiten baitute. Gainera, VSCek tentsio-hutsei aurre egiteko ahalmena (inge-
lesez LVRT) aurkezten dute eta potentzia aktiboaren eta erreaktiboaren kontrol
banandua dute. Hala, potentzia aktiboaren eta erreaktiboaren fluxuetan sor-
tutako nahiezeko aldakuntzak menderatzeko gai dira eta sare ahuletako egoera
berriak gainditu gai izan daitezke.

Orokorrean, VSCen barne-kontrol eskemak kontrolagailu proportzional-
integralen (PI) bidez gauzatzen dira, hainbat desabantaila izan arren. Izan
ere, erregimen iraunkorrean erroreak sortzen dituzte, karga-fluxu desorekatue-
tako gertaerei ezin diete aurre egin eta sistema trifasikoetako fase-menpekotasuna
banantzea eskatzen dute. Azken hamarkadan, ordea, kontrolagailu proportzional
erresonanteen (PR) erabilerak goraka egin du PI motako kontrolagailuekiko alter-
natiba bezala, operazio orekatua eta desorekatua baimentzen duelako eta faseko
blokeo-begizta (ingelesez PLL) zein Park-en transformatua ere ekiditen direlako.

VSCak kontrolatzeko hainbat metodologia garatu dira, orokorrean PI motako
kontrolagailuen bitartez eta konektatu beharreko sare alternoen etengabeko
sendotasun -galera egoerak gogoan hartuz. Hala ere, ikerlan gutxi garatu dira
PR motako kontrolagailuei buruz sistema elektrikoen pixkanakako ahultasuna
aintzat hartuz. Eta are eta gutxiago dira sare elektriko alternoen ezaugarri
induktibo-erresistiboak aztertu dituzten ikerketak. Baina batez ere, PR motako
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kontrolagailuak sare elektriko ahuletarako propio diseinatu arren, orain artean
ez da zehaztu sistema desengokortasunera bidera lezakeen X/R proportzioaren
gutxieneko ehuneko aldakuntza.

Honako doktoretza-tesian, sendotasun eta X/R proportzio aldakorreko sare elek-
triko ahuletan konektatutako VSCen PR kontrolagailuak doitzeko metodologia
proposatzen da. Metodologia hori bi adierazpenetan oinarritu da sistemaren
seinale txikiko egonkortasuna ikasteko: egoera-espazio sistemen adierazpidea eta
sistemaren balio propioen ibilbideak. Egoera-espazioen adierazpidearen bitartez,
aztertu beharreko sistemaren seinale txikiko eredu bat gauzatu da eta ondoren,
DIgSILENT PF tresnaren bitartez burututako simulazioekin egiaztatu da eredua.
Metodologiak seinale txikiko ereduaren balio propioen ibilbideak erabili ditu sis-
temaren seinale txikiko egonkortasuna karakteriza ahal izateko. Prozedura hori
bi ikuspuntutik burutu da: alde batetik, sare alternoaren sendotasuna aldatuz
baina X/R proportzioa konstante mantenduz eta bestalde, X/R proportzioa al-
daraziz. Pauso bakoitzean egonkortasuna bermatzen duten PR kontrolagailu-
aren kp eta ki balioak lortu dira, baita desegonkortasuna eragiten duten tarteko
balioak ere. Izan ere, honako doktoretza-tesiaren emaitzek X/R proportzioaren
%20ko desbiderapen txikiek sistema desegonkortasunera bidera dezaketela fro-
gatu dute. Kasu horietarako, proposatutako metodologiak PR kontrolagailu-
entzako bi doitze-estrategia berri aurkezten ditu sistema zonalde egonkorrera
bueltarazteko sare elektriko alternoa ahula denean eta X/R proportzioa arinki
aldatu denean.

Azkenik, DIgSILENT PF tresnaren bitartez burututako EMT simulazioekin kasu
egonkor eta ez-egonkorrak egiaztatu dira, baita metodologiak proposatutako
doitze-estrategia berriak ere. Gainera, metodologia, analisia, ikasketa-kasuak
eta doitze-estrategia berriak MMC topologietara zabaldu dira, modulazio kon-
pentsatuaren hurbiltzea erabiliz.
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1 Introduction

The aim of this chapter is to provide the context and motivation of the PhD
thesis, as well as the research questions it poses. Based on this, the scope and the
contributions of the thesis are clarified, and the publications derived are listed.
This chapter also presents the outline of the PhD thesis, chapter by chapter.

1.1 Context and motivation

1.1.1 HVDC-HVAC systems

There is an increasing interest worldwide in the development of a meshed high-
voltage direct current (HVDC) transmission grid that connects load centres with
huge renewable energy generation plants located at remote places.

Nowadays, the most commonly used topology for HVDC technology is the point-
to-point (P2P) HVDC configuration, which is especially indicated for the evac-
uation of remote renewable energy into the AC grid, being suitable to convey
energy from different energy sources [1].

At worldwide level, there has been more than 60 years of experience in HVDC
projects, as shown in Figure 1. The future tendency is the interconnection of P2P
HVDC links to create a mesh, which is known as multi-terminal DC (MTDC)
topology. There are different organisations that want to develop these grids.
Friends of the Supergrid [2] are advocating for a widely meshed MTDC grid
but they recognise it may probably emerge more gradually as a combination of
HVDC lines planned and built as independent projects. Advantages offered by
an MTDC topology include enhanced reliability of the DC system, flexibility of
power dispatch control, reduction of the intermittency of renewable energy and
efficient utilization of power converters and cables.

In Figure 1 several of the existing MTDC projects are pinpointed, being New
England and Sardinia-Corsica-Italy interconnections the most relevant due to
their size and characteristics.

New England system is composed by three terminals operating at ±450kV DC,
and it was developed in two commissioning phases, namely in 1986 and later
in 1990-1992. The grid connects Quebec’s extensive renewable energy resources
to major population centres in southern New England at 315 kV (Radisson),
230 kV (Nicolet) and 345 kV (Sandy Pond) substations [3]. Nowadays, it is the
only MTDC bipolar HVDC system in the world where the three stations operate
under a common master control system.
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Figure 1: HVDC projects at worldwide scale [1].

Sardinia-Corsica-Italy was commissioned at the first stage in 1967 as a P2P
mono-link operating at ±200kV DC and in 1988 and 1992 two more stations
were added, configuring it into an MTDC topology [4]. The new connection with
Sardinia allows to improve the stability for Sardinia’s weak AC system. They
are based on line commutated converters (LCCs), which provide technological
maturity at the expense of limited reactive power control, inability of reversing
current direction and the need of very complex master terminal control [5].

These projects have a limited number of terminals because it is necessary to
reverse the voltage to change the direction of the power flow. To overcome these
issues, the future MTDC grids will use voltage source converters (VSCs) as the
key converter technology to interconnect AC and DC grids. This is due to the
fact that VSC technology presents technical advantages over LCC, such as the
ability to control active and reactive power independently, the provision of high
controllability of DC grid, the change of the current flow direction and the black
start capability [6].

HVDC-VSC has become the most feasible solution to the integration of remotely
located large renewable energy plants, mainly due to its small footprint and its
ability to support very weak AC systems. It also serves to connect AC systems
operating at different frequencies.
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There are forthcoming projects such as the North-East Agra, which is under
construction in India with ±800 kV and 6000 MW and will occupy a total length
of 1728 km [5]. This project will have three initial LCC stations at Biswanath,
Chariali, Alipurduar and Agra, and will bring the installed capacity in two stages
[5]. Besides, the Atlantic Wind Connection Project has been proposed by the
United States and will be a subsea offshore backbone electrical transmission
system of 7000 MW for offshore wind to be integrated in the corridor between
Virgina and New York area [5]. The converters in this project will be rated 1000
MW at ±320 kV and will be configured as a symmetrical monopole [5]. There is
also the Zhang-Bei project, which is a DC grid project aimed at securing power
supply to the city of Beijing from a diverse set of renewable energy sources
(RES), including wind, solar and hydro power. The Zhang-Bei project will be
commissioned in its final version in 2021 and consists of four converter stations
in the first stage with a half-bridge modular multilevel converter scheme with
DC breaker, where one terminal of 3000 MW and ±500 kV receives power from
three sending terminals of 1500 MW and ±500 kV each [5].

Regarding the topology of VSCs, two-level VSC has been widely employed. Its
main feature is their capability of producing two output voltage levels, taking
advantage of a simple circuitry and of the small size of DC capacitors. How-
ever, they need high blocking voltage capabilities in their rating and the output
AC waveform contains high level of unwanted harmonics. As the power ratings
have been increasing along the years, a greater number of levels must be added,
with the emerging complexity regarding switching frequencies and delays in the
output signal. Therefore, a new concept of VSC was designed, i.e. the modular
multilevel converter (MMC) [7]. This can be basically described as an n level
diode clamped converter which consists of n-1 capacitors on the dc bus and gen-
erates n levels of phase voltage and 2n-1 levels of output line voltage. Besides, the
output waveform presents a better harmonic content compared to the two-level
configuration. However, it presents other challenges to overcome, such as, the
need of extra controller to balance the capacitor voltages, the circulating current,
which has a double fundamental frequency component that increases the losses
if not suppressed, and the need of monitoring each capacitor voltage [8].

Apart from two-level VSCs and MMCs, there are other configurations of VSC
technology that are out of the scope of the present PhD thesis, such as the
flying capacitor converter or cascaded-multilevel inverter. This is a developing
technology with different proposals by several manufacturers: MMC offered by
Siemens, MMC-FB proposed by G-S Alstom and Cmd by ABB.
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It is interesting to analyse the behaviour of different VSC topologies in combi-
nation with specific AC grid configurations. The possibility of connecting VSCs
with AC grids of different stiffness has been widely studied, but not when a
variable X/R characteristic is considered.

1.1.2 Stability of HVDC-AC systems [9]

The concept of power system stability has been studied in detail by grouping
different kinds of phenomena according to the magnitude affected, its severity
and duration. In Figure 2, the concept of power system stability is presented as
consisting into three main branches: voltage, frequency and rotor angle stability.
These types of stability are hereafter defined according to [9].

Figure 2: Definition of transient stability [9].

Rotor angle stability only considers short-term variations and is defined as the
ability of synchronous machines of an interconnected power system to remain
in synchronism after being subjected to a disturbance, where small disturbance
(or small signal) rotor angle stability would cover small disturbances, such as
poorly damped rotor oscillations, and transient stability would cover severe dis-
turbances, such as short-circuits on a transmission line.

In the case of HVDC systems connected to AC grids, transient stability can
be tested by applying a voltage dip at the point of common coupling. Voltage
dips are short duration reductions in root mean square (RMS) voltage caused by
diverse phenomena, such as, short-circuits or overloads [10]. Voltage dips consti-
tute today a stability risk in networks with high penetration of renewable energy
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[11], since they may cause the simultaneous disconnection of many renewable
generators. As a consequence, the characteristics of the voltage time response
that wind farms and other RES must be able to ride-through have been defined
by many power system operators. This definition includes depth, duration and
profile, as well as the exchange of active and reactive power that must be achieved
during the disturbance.

Voltage and frequency stability are strongly related to the ability to main-
tain/restore equilibrium between load demand and load supply from the power
system. Voltage stability is defined as the ability of a power system to maintain
steady-state voltages at all buses in the system after being subjected to a dis-
turbance from a given initial operating condition. Voltage collapse may appear
if the sequence of events accompanying voltage instability leads to a blackout or
abnormally low voltages in a significant part of the power system. Short-term
voltage instability, being in the order of seconds, involves dynamics of fast acting
load components such as induction motors or HVDC converters, while long-term
instability may last minutes and considers lower acting equipment such as tap-
changing transformers or generator current limiters, among others. The stiffness
and the X/R characteristic of the AC grid also have a significant effect on the
voltage stability.

Finally, frequency stability is referred as the ability of a power system to maintain
steady frequency, following a severe system disturbance resulting in a significant
imbalance between generation and load. Frequency instability may occur in the
form of sustained frequency swings provoking the tripping of generating units
and/or loads. Frequency is the key variable that relates the balance between
generation and demand and thus determines the stability in AC grids. Therefore,
whenever there is a frequency deviation the stability of the system is risked, and it
is reflected as an imbalance in the active power equilibrium. Frequency stability
can be maintained by means of partial load-shedding or generator connection
(multiple load connection or generator disconnection), leading to over-frequency
(under-frequency) events.

A model to estimate frequency deviation after a power mismatch event is needed
for the re-parameterisation of frequency relays in load shedding schemes, estimat-
ing the amount of load re-connection, spinning reserve or wind power generation
[12]. According to the models to estimate frequency and voltage deviations, net-
work operators design the grid codes in order to ensure stability on the entire
electrical power system. A grid code describes the minimum technical and or-
ganizational requirements that must be fulfiled when setting up and operating
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grid connections on the high voltage or extra high voltage grid [13]. Additional
requirements may also be necessary for operation. These minimum requirements
are set to ensure a stable and secure operation of the whole electrical system
within a country or set of countries, and the grid codes are mainly designed
for the operation of conventional technology, i.e. AC systems. Since one of the
main applications of MTDC networks, and by extension the HVDC technology,
is to convey huge amounts of renewable energy from remote areas, grid codes are
expected to be updated with pertinent changes that take into account the vari-
able nature of transmitted renewable energy, and also due to the new HVDC-AC
interconnection facilities. However, the presence of HVDC grids may increase
the DC component as a form of power quality distortion in AC grids, especially
when AC and DC transmission lines are in proximity [14].

Besides, there is a tendency to harmonise grid codes in order to facilitate energy
exchanges within and among countries, so that this harmonization will enable an
improved operation considering the increase of complexity due to the inclusion
of HVDC technology. Nevertheless, the increase of complexity will also jeopar-
dise the stability of the system and therefore this deserves huge research efforts
to avoid adverse interactions between HVDC technology and conventional AC
systems.

It is the task of the control architecture of HVDC systems not only to meet
technical requirements, as indicated by local grid codes, but also to guarantee
the evacuation of energy in safe, efficient and secure conditions. In contrast
to AC grids, where frequency remains constant over all stationary system, in
HVDC grids DC voltage is different at each terminal due to the voltage drop in
DC lines. So, each terminal will receive different voltage setpoints and this poses
a challenge whenever the stability of an HVDC-AC system is considered.

These differences in stability principles between AC and HVDC grids, changes
the way stability is traditionally studied and therefore, deeper research efforts
must be done to accommodate both control paradigms and power theories, so
no adverse interactions that risk the stability occur.

1.2 Problem statement and research questions

1.2.1 Current controllers in VSCs connected to AC systems

VSCs play an important role on the stability of both HVDC and AC networks.
Being VSC the key HVDC technology, its inner current controller assumes a huge
responsibility on the stability of the VSC [15]. Most of the inner controllers are
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based on proportional integral (PI) controllers [16–21], but other less common
control structures, such as proportional resonant (PR) controllers [22–24], can be
found in the literature. As said, many current controllers have been implemented
by means of PI blocks, but stability analysis becomes more complex when PR
blocks are used for the inner current controller of a VSC. This is because the
transfer function of PR blocks depends on the target angular frequency. However,
PR blocks are chosen over PI due to the additional functionality they offer, such
unbalanced faults handling or harmonics filtering.

In the last decade, PR controllers have appeared as an alternative to PI con-
trollers, due to their unique behaviour under unbalanced operation [22] and the
elimination of steady-state errors [22–25]. PR controllers operate in stationary
frame, which allows them to track both balanced and unbalanced current refer-
ences and provide an improved response under unbalanced faults in comparison
to the response provided by PI controllers. Besides, with PR controllers the
grid current waveforms are enhanced when interface inductors are not perfectly
balanced between the phases.

Apart from these, other benefits of stationary-frame controllers are identified in
[25]. One of them is the removal of the phase-locked loop (PLL), which eliminates
errors due to synchronisation problems. Another advantage is the elimination
of inverse Park transformations, which reduces overall computational burden.
However, PR controllers have time-invariant modulation blocks in their control
loop, which inhibits the use of parameterisation techniques such as eigenvalue
analysis. Therefore, in order to study their impact on stability, a proper lineari-
sation of the PR controller is needed, as proposed in [22]. The conversion can
be carried out using a simple block diagram manipulation approach where the
transfer function in stationary frame is converted to dq-frame, since the lineari-
sation must be achieved around a sinusoidal linearisation point. Once linearised,
the resulting equations can be arranged into parametric state-space format, so
that the effects of controller gains, parameter values and operating point on the
system stability can be explored. The effects of PR parameters on stability have
been evaluated through the proportional constant and integral constant, which
impact the time response and the damping of the system, respectively.

Different types of impacts have been assessed in the literature and this relates
to the general classification of PR controllers detailed in section 2.6 of chapter
2, where the impact of each PR topology on stability is discussed.

Therefore, having discussed the main advantages of PR controller over PI con-
troller, this PhD thesis is from now on focused on studying the effects of PR
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controller parameters on stability for different AC grid characteristics.

1.2.2 Analytical methods to study the small signal interaction be-
tween VSCs and AC grids

The small signal stability of a power electric system can be studied according
to different approaches found in the literature, as Figure 3 shows. In principle,
two main different ways of analysing the small signal stability are taken under
consideration, i.e. the model- and the measurement-based approaches.

Figure 3: Classification of small signal stability [26, 27].

The measurement-based approach uses data measured by phasor measurement
units (PMU). A PMU measures the frequency in voltages, currents and their
phasors, by using synchronized measurements from the sampled data. PMUs
are built to form a network named wide area measurement system (WAMS) [27].
In order to study the small signal stability problem, one of the most used methods
is the linearised differential algebraic equation (DAE). DAE is a mathematical
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model to develop eigenvalues and participation factors for the system that is
being disturbed [27].

Regarding the model-based approach, two categories are found: numerical sim-
ulations and analytical formulations.

Numerical simulations have been widely used to prove the stability of a system
under small disturbances in the frequency domain, using RMS simulations, and
in the time domain, using EMT simulations. RMS simulations are valid for
linear systems and take advantage of the simplicity, easiness and low compu-
tational burden, thus making simulations faster thanks to its linearised blocks
[28]. However, inaccuracies appear whenever a non-linear system is tackled. For
these cases, EMT simulations provide a detailed non-linear representation of a
dynamic network model for electromagnetic and electro-mechanical transients
under balanced and unbalanced network condition, treating non-linearities at
the expense of higher computational burden [28].

The analytical formulation implies the derivation of algebraic expressions which
represent the power system behaviour by means of either discrete or continuous
domain. On the one hand, the discrete equations of a power system have been
employed in literature, such as in [29], to obtain a more robust design of con-
trollers at the cost of dealing with digital implementation and the selection of
a proper discretisation technique. On the other hand, the continuous domain
analysis is divided into time and frequency domain methods, though it is not
able to obtain that robust designs. However, it takes advantage over the discrete
analysis since it does not need a discretisation technique to sample the signal
and simpler analytical approaches are obtained.

Within time domain methods, the state-space modelling method is widely used
and consists in a representation of mth order non-linear differential equations of
a power system that relates its main state variables with inputs and outputs.
The output, being a function of the state-variables, is used to see if the system is
stable or not [27]. Another time domain analytical formulation is the Lyapunov
method, which implies the definition of scalar functions that are used to prove
the stability of an equilibrium operating point of a power system represented by
its ordinary differential equations [30].

There is another version of both time domain analytical formulations, where non-
linear operations, such as multiplications or coordinate changes, are linearised
and therefore, further modifications on the previous equations are included. In
the case of Lyapunov method, instead of looking for a scalar function to be
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applied directly to the non-linear system, the system can linearised around the
origin and attempt to discuss local stability of the origin, by using quadratic
functions for the linearised system [30].

Regarding frequency domain methods, eigenvalue impedance and transfer func-
tion analysis are considered. Eigenvalue analysis studies power system’s be-
haviour through calculating the eigenvalues of the system’s model. In order to
get the eigenvalues of a power system, a linearising process is necessary. The
eigenvalues are the complex roots of the characteristic equation specific for the
power system under consideration. Only when the eigenvalues are on the left
side of the imaginary plane the system is stable.

As for the impedance-based analysis, it consists in calculating the AC or DC
equivalent impedances of passive components, such as AC or DC line impedances,
and in modelling with Norton or Thevenin equivalents the active components,
such as VSCs, current and/or Voltage sources. By having computed the total
impedance of the system under study, further analysis can be made by using
Nyquist or Bode diagrams in order to determine the stability margin of a power
system. The authors in [31] compare both eigenvalue and impedance-based meth-
ods and conclude that both can effectively determine the stability of the system,
but at the expense of certain weaknesses. As stated in [31], the impedance-based
analysis determines not global but local stability, making it necessary to investi-
gate the impedance-based stability at all possible subsystems. However, it does
not require such deep level of details, since the open-loop poles are sufficient for
the analysis. On the contrary, the eigenvalue-based method, as said in [31], can
determine the stability of the global system, but it cannot predict high level of
details, such as the harmonic oscillations caused by a pulse-width modulation
(PWM) converter operating in a stable point.

In [32], the transfer function-based stability analysis method is developed, where
the poles and zeros of each subsystem, instead of the eigenvalues, are extracted by
means of their transfer functions. It is mainly employed to tune the control-loop
of the converters and does not include the effect of grid impedance.

It is interesting to discuss how one analytical time domain-based method, such
as the state-space modelling analysis, could be validated by a numerical EMT
simulations method, by taking into account discontinuities presented in the EMT
model and how they are treated in the state-space system by applying a proper
linearisation technique. It is also advisable to verify the conclusions by sim-
ulations with EMT models. These are essential pre- and post-analysis stages,
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respectively, which have not been addressed in detail in the literature and there-
fore, deserve attention.

In appendix A, a deeper overview on the main analytical methods to study the
small signal stability of the system is provided. These methods are classified
according to time and frequency formulations. In the end a brief comparative
discussion is made within each type of formulation.

1.2.3 Small signal interactions between VSC converters and AC grids

Important active power mismatches in AC grids can result into significant tem-
porary frequency excursions, which might jeopardise power system stability [33].
In this respect, several generation assets, control and protection systems can
contribute to mitigate the problem efficiently in a cooperative way. HVDC net-
works can also contribute to AC system frequency support, while ensuring the
compliance of local grid codes [5].

The characteristics of an AC power system have also an influence on the sta-
bility of the VSC connected to an AC system (VSC-AC). An AC grid can be
characterised by the short-circuit ratio (SCR) and the X/R ratio at the point of
common coupling (PCC) of the VSC. SCR measures the AC grid strength while
X/R ratio characterises the resistive-inductive behaviour. While the SCR ratio
is dependent on the grid impedance, the X/R ratio indicates the angle of the cur-
rent that flows through the AC grid. Thus, these two indicators are independent
from each other and represent complementary aspects to analyse the tendency
of an AC grid to lose stability.

Besides, the presence of many VSCs in the future MTDC grid will generate
more control interactions, not only with other VSCs but with different AC grid
characteristics and controls [34, 35]. And in the end, small perturbations, such
AC transients in different current and voltage magnitudes, will provoke effects
on the stability of several domains of the system [34, 35].

There have been projects of VSC interconnection whose instability has been
widely studied in the case of weak AC grids [36]. However, they have not con-
sidered their integration into AC weak grids with a variable X/R characteristic.

Based on the last reasons, this PhD thesis is aimed at studying the interaction
of an HVDC-VSC interconnection with AC grids of different SCR and X/R
characteristics.
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1.3 Scope of the thesis

The focus of the present PhD thesis is to design a methodology to tune the
PR controller parameters of an AC grid-connected VSC, considering scenarios
not very explored so far. These scenarios encompass combined changes in SCR
and X/R ratios due to eventualities of diverse nature in the AC grid, such as
sudden opening or closing of a circuit breaker at a specific speed, new connections
to distribution or transmission grids or the modification of distance between
conductors in electrical lines, under others. The methodological process sheds
light on cases where the PR controller is well designed for a weak grid scenario,
but loses stability with the change of the X/R ratio.

The thesis is aimed at the analytical research of the small signal interaction phe-
nomena between controller parameters of VSC and AC grids and the verification
of such analysis via EMT numerical simulations. The simulations determine the
degree of accuracy of the corresponding scenarios. The results of this investiga-
tion detect combinations of PR parameterisations and AC grid topologies that
lead to small signal instability issues, while at the same time identify implications
for tuning PR controllers to avoid these adverse interaction phenomena. Different
research gaps were identified at the beginning of the present PhD thesis:

• Methodological tools to detect unexpected small signal instability issues, re-
sulting from the interactions between a VSC and an AC grid.

• The exploration of scenarios defined by variability of the X/R ratio in weak
AC grids that lead to small signal instability issues.

• Implications for tuning PR controllers of VSCs when subjected to the men-
tioned scenarios.

• The analysis of how the accuracy of MMC model, with compensated modula-
tion control scheme, affects the conclusions yielded in the previous analysis.

In order to contribute to solve these research questions, eigenvalue trajectory
analyses have been performed for the complete VSC-AC system, starting from
the state-space equations. New explanations and guidelines for the proper con-
figuration of scenarios to detect unstable cases are given and at the same time,
tuning implications for PR parameters are deduced.
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1.4 Main contributions of the thesis

The lack of research centred around PR current controllers governing VSCs,
jointly with the need to assess how they impact on specific AC grid configurations
with different SCR and X/R ratios, has been identified. This poses challenges
related to the progressive weakening of AC networks with the advent of the
massive integration of renewable energies.

Two mathematical tools have been used to model the core of the methodological
process. On the one hand, the state-space representation has been used to con-
struct a small signal model of the system under study. On the other hand, the
eigenvalue trajectory analysis has been carried out to analyse the impact of PR
controller parameters of the VSC on the small signal stability when the AC grid
has a variable X/R ratio.

This work has contributed to the area of small signal stability analysis of PR
current-controlled VSCs connected to AC grids. The contributions of the thesis
are hereafter summarised:

• Development of a methodological tool or guideline to identify unexpected
small signal instability issues of a VSC connected to an AC grid. The
methodological approach proposed by this PhD thesis can help researchers
when trying to identify sources of unexpected instabilities in a system.

• Identification of weak AC grid scenarios that with the change of X/R char-
acteristic compromise and lose the stability. So far, small signal stability
studies in weak AC grids have considered the reduction of SCR values but
not combined with slight modifications in X/R ratio. These scenarios have
been found through a deep review in the literature. Besides, the scenar-
ios and conclusions of the present work may help grid code makers when
defining local connection requirements of VSCs.

• Development of a methodology which extracts implications for tuning PR
current controlled VSCs connected to AC grids with variable strength and
X/R ratio. For this purpose, a small signal model of a PR controlled VSC
connected to an AC grid has been constructed and numerically validated.
A systematic procedure for eigenvalue trajectory analysis is proposed to
address the variable X/R characteristic of the AC grid. Besides, the cases
extracted from the methodology have been verified by EMT simulations,
and the methodology has been justified to be extended to modular multi-
level converters under the compensated modulation control approach.
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1.6 Outline of the thesis

The thesis is structured as follows:

• In chapter 2, the main topologies of power converters are briefly described
and summarised. From this list VSC technology is chosen, so that the
next sections are focused only on VSC. Afterwards, the importance of the
stiffness and X/R characteristic is highlighted for an AC grid connected
to a VSC. Based on this, the main connection requirements for a VSC to
an AC grid are listed according to an specific grid code. The state of the
art of control structures for VSCs is presented. For this purpose, the main
control schemes for VSCs at different layers are described, ranging from the
MTDC to outer and inner control layers. As for the inner control layers,
PI are compared to PR controllers. Having discussed the advantages of PR
over PI controllers, several types of PR controllers are described according
to the literature. Additionally, a specific section including an overview of
the main operating principles of the MMC is provided. In the last part,
a state of the art on the small signal interactions between VSCs and AC
grids is presented, with especial focus on the HVDC environment. Besides,
the main gaps in the literature are extracted, according to the content of
the previous sections.

• In chapter 3, the methodology proposed by this PhD thesis is presented by
means of a flowchart and described step by step. The state-space equations
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for each subsystem that is part of the whole interconnected VSC-AC do-
main are presented. Several modelling approaches as well as linearisations
are discussed. Based on this, the full small signal model is constructed.
Besides, hypotheses relevant to the compensated modulation approach are
discussed and the extension of the studies for the MMC is justified.

• In chapter 4, the application case of this PhD thesis is presented. In the
first part, the small signal model is validated against EMT simulations and
several preliminary tests are also included. Several VSC control parame-
ters are justified by using Bode diagrams and time responses. As a result,
the small signal model is prepared for eigenvalue analysis. In the second
part, the eigenvalue trajectory analysis is presented to study the impact
of PR parameters, SCR and X/R ratios on the small signal stability. The
analysis is divided in two stages: one considering a constant X/R charac-
teristic and another considering a variable X/R characteristic. The study
has been complemented with a participation factor analysis to clarify the
relationship between the critical eigenvalues and the state variables of the
system. Several implications on the tuning of PR controller parameters are
extracted.

• In chapter 5, the cases extracted in chapter 4 are verified by means of
EMT simulations carried out in DIgSILENT PF, and contextualised with
occurring phenomena in the AC grid.

• In chapter 6, the main conclusions derived from the methodology are pre-
sented. Besides, several limitations of the methodology are discussed. The
future lines which could continue this work are also described.

• In the appendices, several theoretical and practical aspects are included to
complement the document. In appendix A, the main analytical methods for
stability analysis are classified and described in terms of time and frequency
formulations. Besides, a discussion of methods is developed in order to
stand out the advantages and disadvantages of each one. In appendix B,
the EMT model parameters to validate and verify numerically the small
signal model are gathered in several tables. In appendix C, the parameters
of the small signal model are detailed in a table.
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5 Verification of the methodology

5.1 Introduction

This chapter is aimed at verifying the cases extracted from the eigenvalue tra-
jectory analysis by means of EMT simulations conducted in DIgSILENT PF.

Besides, in order to consider features related to the protection system, a threshold
voltage is considered for the module of voltage at the PCC, which must not be
exceeded except for transient peaks whose duration is less than 100 ms.

5.2 Model used for the verification of the methodology

The methodology is verified by conducting EMT simulations in DIgSILENT PF
of the system presented in section 4.1.1 of chapter 4. The whole model and
control parameters of the mentioned model are gathered in appendix B.

5.3 Verification of cases with constant X/R characteristic

In Figure 97 a PR parameterisation corresponding to the stable area (ki=30000
and kp=1.5) in a stiff AC grid (SCR=25) with X/R set to 8.37 is verified under
a perturbation of 1% in VDC,ref , starting at t=1s and ending at t=1.5s.

As noted in Figure 97(a) and Figure 97(b), the transient behaviour of Vd,PCC
and Vq,PCC due to the perturbation presents an oscillatory period less than the
duration of the perturbation.

Besides, Figures 97(a), 97(b) present transient peaks that exceed the threshold
voltage at only one instant. In the zoomed area presented in Figure 97(a) it can
be seen that the Vd,PCC signal matches accurately the VAC,PCC signal, as expected
due to the stiff nature of the AC grid and to adequate PLL parameterisation.

As for Id,PCC and Iq,PCC shown in Figure 97(c) and Figure 97(d), they follow
their corresponding setpoints Id,ref and Iq,ref at the input of the PR controller.

The signals presented along Figures 97(a), 97(b),97(c) and 97(d) demonstrate a
stable case for the chosen PR parameterisation, under a perturbation of 1% of
the VDC,ref value.

As for a weak AC grid case (SCR=2.3), the same PR parameterisation is chosen
to be verified and the corresponding signals shown in Figure 98.
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(a) (b)

(c) (d)

Figure 97: Verification of a stiff AC grid: (a) Module of AC voltage measured at
the PCC (VAC,PCC (p.u.)) and AC voltage measured at the PCC in d coordinate
(Vd,PCC (p.u.)), (b) AC voltage measured at the PCC in q coordinate (Vq,PCC
(p.u.)), (c) Current reference for d coordinate (Id,ref ) and current measured at
the PCC in d coordinate (Id,PCC) and (d) Current reference for q coordinate
(Iq,ref ) and current measured at the PCC in q coordinate (Iq,PCC).
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(a) (b)

(c) (d)

Figure 98: Verification of a stable case in a weak AC grid: (a) Module of AC
voltage measured at the PCC (VAC,PCC (p.u.)) and AC voltage measured at the
PCC in d coordinate (Vd,PCC (p.u.)), (b) AC voltage measured at the PCC in
q coordinate (Vq,PCC (p.u.)), (c) Current reference for d coordinate (Id,ref ) and
current measured at the PCC in d coordinate (Id,PCC) and (d) Current refer-
ence for q coordinate (Iq,ref ) and current measured at the PCC in q coordinate
(Iq,PCC).
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The case shown in Figure 98 corresponds to a stable case in a weak AC grid with
SCR=2.3, with the same PR parameterisation as in Figure 97.

In contrast to the case presented in Figure 97(a), in Figure 98(a) the oscillations
belonging to the transient period of VAC,PCC and Vd,PCC have a larger amplitude
than in 97(a), and thus the voltage threshold is exceeded at several instants
during the beginning and the end of the perturbation, as expected due to the
decrease in SCR. The zoomed area in Figure 98(a) shows that Vd,PCC signal
deviates transiently from VAC,PCC signal but finally converges to VAC,PCC . This
is expected due to the weak nature of the AC grid. According to this observed
detail, the PLL parameterisation allows also a good accuracy.

Besides, since the peaks do not exceed the voltage threshold continuously, but
they alternate with valleys and the overtaking lasts less than 100 ms, this phe-
nomenon does not endanger the protection system of the VSC. As for the currents
in Figure 98(c) and 98(d), Id,PCC and Iq,PCC follow their respective setpoints Id,ref
and Iq,ref with peaks of increased value with respect to those observed in Figure
97(c) and 97(d).

Apart from this, the effect of decreasing kp to lower values than 0.3 in a weak
AC grid case is verified in Figure 99. In Figure 99(a) Vd,PCC does not align
to VAC,PCC , as seen in the zoomed area, and both Vd,PCC and VACPCC exceed
permanently the voltage threshold by the time the perturbation begins, driving
the system into instability.

The same behaviour is observed in Vd,PCC , Id,PCC and Iq,PCC , with the increase
of oscillation amplitude permanently from the beginning of the perturbation on.

Figure 97, Figure 98 and Figure 99 confirm the implications for tuning the PR
controller of VSCs in AC grids with constant X/R characteristic, extracted in
section 4.2.2 of chapter 4.
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(a) (b)

(c) (d)

Figure 99: Verification of an unstable case in a weak AC grid for kp=0.1 and
kp=30000: (a) Module of AC voltage measured at the PCC (VAC,PCC (p.u.)) and
AC voltage measured at the PCC in d coordinate (Vd,PCC (p.u.)), (b) AC voltage
measured at the PCC in q coordinate (Vq,PCC (p.u.)), (c) Current reference for d
cooordinate (Id,ref ) and current measured at the PCC in d coordinate (Id,PCC)
and (d) Current reference for q cooordinate (Iq,ref ) and current measured at the
PCC in q coordinate (Iq,PCC).
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5.4 Verification of cases with variable X/R characteristic

The base PR parameterisation, kp=1.5 and ki=30000, is now tested against a
weak AC grid (SCR=2.3) with variable X/R characteristic, ranging from -20%

to +20% of the usual value, 8.37.

In Figure 100, it is tested in a weak AC grid with X/R=6.61, where the X/R
ratio has been lowered by a 20% from its usual value. The behaviour of Vd,PCC
and VACPCC in Figure 100(a) shows the unstable behaviour of the system, be-
ing similar to the one observed in Figure 99(a). This also makes the currents
Id,ref and Iq,ref oscillate and not follow their setpoints once the perturbation is
introduced, as shown in Figure 100(c) and in Figure 100(d).

In Figure 101, the system is tested in a weak AC grid with X/R=7.5, where the
X/R ratio has been lowered by a 10% from its usual value. This presents similar
results as in Figure 100.

As seen in Figure 100(a) and 101(a), the zoomed image of signals presents oscil-
lations that exceed permanently the threshold value for longer time than 100ms.
This also provokes the increase of amplitude in the currents from the beginning
of the perturbation, as deduced from Figure 101(c) and Figure 101(d).

The stable cases derived from the positive variations of X/R ratio, namely the
+10% and +20%, have been also verified in Figures 102 and 103, respectively.
These cases were stable according to the analysis conducted in section 4.2.3 of
chapter 4.

In both Figures 102(a) and 103(a), it can be observed that Vd,PCC and VAC,PCC
exceed the threshold for less time than 100 ms. The zoomed section of the
signals shows the reduction of oscillation amplitude progressively until the signals
converge to their steady-state values, in contrast to the behaviour observed in
Figures 100(a) and 101(a).

As well as in the stable cases with constant X/R ratio presented in Figures 97
and 98, the current waveforms follow their setpoints prior, during and after the
perturbation. As the voltage signals do, they show a transient peak period that
lasts until the perturbation is settled down to the step value of 1.01 p.u, at the
beginning and at the end of the perturbation.
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(a) (b)

(c) (d)

Figure 100: Verification of an unstable case in a weak AC grid for a -20% variation
of X/R: (a) Module of AC voltage measured at the PCC (VAC,PCC (p.u.)) and
AC voltage measured at the PCC in d coordinate (Vd,PCC (p.u.)), (b) AC voltage
measured at the PCC in q coordinate (Vq,PCC (p.u.)), (c) Current reference for
d coordinate (Id,ref ) and current measured at the PCC in d coordinate (Id,PCC)
and (d) Current reference for q coordinate (Iq,ref ) and current measured at the
PCC in q coordinate (Iq,PCC).
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(a) (b)

(c) (d)

Figure 101: Verification of an unstable case in a weak AC grid for a -10% variation
of X/R: (a) Module of AC voltage measured at the PCC (VAC,PCC (p.u.)) and
AC voltage measured at the PCC in d coordinate (Vd,PCC (p.u.)), (b) AC voltage
measured at the PCC in q coordinate (Vq,PCC (p.u.)), (c) Current reference for
d coordinate (Id,ref ) and current measured at the PCC in d coordinate (Id,PCC)
and (d) Current reference for q coordinate (Iq,ref ) and current measured at the
PCC in q coordinate (Iq,PCC).
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(a) (b)

(c) (d)

Figure 102: Verification of a stable case in a weak AC grid for a +10% variation
of X/R: (a) Module of AC voltage measured at the PCC (VAC,PCC (p.u.)) and
AC voltage measured at the PCC in d coordinate (Vd,PCC (p.u.)), (b) AC voltage
measured at the PCC in q coordinate (Vq,PCC (p.u.)), (c) Current reference for
d coordinate (Id,ref ) and current measured at the PCC in d coordinate (Id,PCC)
and (d) Current reference for q coordinate (Iq,ref ) and current measured at the
PCC in q coordinate (Iq,PCC).
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(a) (b)

(c) (d)

Figure 103: Verification of a stable case in a weak AC grid for +20% variation of
X/R: (a) Module of AC voltage measured at the PCC (VAC,PCC (p.u.)) and AC
voltage measured at the PCC in d coordinate (Vd,PCC (p.u.)), (b) AC voltage
measured at the PCC in q coordinate (Vq,PCC (p.u.)), (c) Current reference for
d coordinate (Id,ref ) and current measured at the PCC in d coordinate (Id,PCC)
and (d) Current reference for q coordinate (Iq,ref ) and current measured at the
PCC in q coordinate (Iq,PCC).
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5.5 Verification of solutions to an unstable case

In this section, the solutions to the unstable case derived from the deviation
of X/R ratio into a -20% from its usual value are hereafter proved by EMT
simulations. According to section 4.2.3 of chapter 4, two types of solutions were
suggested to bring the system back to stability again, whenever the X/R ratio
deviated by a -20% from its usual value.

1. The increase of kp from 1.5 to 1.65.

2. The reduction of ki from 30000 to 25000.

The solutions based on the modification of kp and ki are verified by means of
Figures 109 and 105, respectively. In both cases, the voltage signals present
a transient oscillatory period that decreases progressively until they reach the
steady-state value, as shown in the zoomed areas in Figure 104(a),104(b), 105(a)
and 105(b).

However, as predicted by the analysis conducted in section 4.2.3 of chapter 4, the
transient oscillations of the solution based on ki change present lower amplitude
than those provoked by the solution based on kp change.

In both solutions, the current signals at PCC follow their setpoints during the
whole simulation time, as shown in Figure 104(c), 104(d), 105(c) and 105(d).

A fact that may draw the attention in the verification graphs is that Vd,PCC
presents negative values during transient peaks, even in stable cases. However,
as long as VAC,PCC does not become negative, Vd,PCC may reach a negative
range due to trigonometric operations that conform the Park transformation
and therefore, this fact does not imply any risk of instability.
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(a) (b)

(c) (d)

Figure 104: Verification of the solution based on the change in kp to 1.65 in a
weak AC grid for -20% variation of X/R: (a) Module of AC voltage measured at
the PCC (VAC,PCC (p.u.)) and AC voltage measured at the PCC in d coordinate
(Vd,PCC (p.u.)), (b) AC voltage measured at the PCC in q coordinate (Vq,PCC
(p.u.)), (c) Current reference for d cooordinate (Id,ref ) and current measured at
the PCC in d coordinate (Id,PCC) and (d) Current reference for q cooordinate
(Iq,ref ) and current measured at the PCC in q coordinate (Iq,PCC).
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(a) (b)

(c) (d)

Figure 105: Verification of the solution based on the change in ki to 25000 in a
weak AC grid for -20% variation of X/R: (a) Module of AC voltage measured at
the PCC (VAC,PCC (p.u.)) and AC voltage measured at the PCC in d coordinate
(Vd,PCC (p.u.)), (b) AC voltage measured at the PCC in q coordinate (Vq,PCC
(p.u.)), (c) Current reference for d coordinate (Id,ref ) and current measured at
the PCC in d coordinate (Id,PCC) and (d) Current reference for q coordinate
(Iq,ref ) and current measured at the PCC in q coordinate (Iq,PCC).
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5.6 Justification of the methodological process

The methodological process has been verified by means of EMT simulations in
DIgSILENT PF, showing coherence with the eigenvalue trajectory analysis con-
ducted in section 4.2 of chapter 4. However, several remarks must be emphasised
to analyse the limits of the methodology and confront it with other recent studies.

As for the conclusions derived from the methodology, the fact that the unstable
cases arise in weak AC grids for reductions and not increments of X/R charac-
teristic, can be justified by other complementary studies in the literature. The
author of [36] claims that weak AC grids suffer significant parameters variation
with the change of SCR and/or X/R ratios. According to [36, 116], a decrease
in X/R ratio, which makes the AC system more resistive, provokes that the AC
voltage oscillate more as the active power transfer changes. In this situation, the
reactive power export capability increases, which does not contribute to main-
tain the AC voltage at the PCC either. Apart from this, the study in [72] also
concludes that low X/R ratios increase the step-voltage variations at the PCC of
a wind farm connected to a distribution system. Consequently, oscillatory spikes
induced in the AC voltage at the PCC risk the stability of the system.

The methodology proposed by the present PhD thesis serves the purpose of
extracting implications for tuning PR controlled VSCs, when facing changes in
SCR and X/R variations for which the stability is lost. Besides, by means of the
tuning strategies based on the either the increase of kp and/or the decrease of ki,
the system can become stable again. It must be remarked that the changes in
kp and ki suggested by the two types of solutions are large enough to drive the
system back to the stable region, but do not account for the exact limits beyond
which the stability is achieved or lost. This consideration has been adopted due
to differences between the small signal model and the EMT model, namely 0.038
% of relative error in the worst-case scenario. These differences are mainly due
to linearisations, the presence of additional elements neighbouring the domain
under study in the original application that are absent in the small signal model
and the absence of PLL model in the small signal system. And they cause the
slight displacement of the actual boundary kp and ki values used in the small
signal, compared to those used in the EMT model, though the tendency and
conclusions are anyway supported by the EMT model.

There are research centres that opt for verification techniques via software to
check the results of the stability analysis, since their software platforms are pro-
vided with models with enough level of detail. However, although the present
methodology has been verified via EMT simulations in DIgSILENT PF with an
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accuracy of 6 decimal places, a more detailed model for VSC could have been
implemented in the verification process. Besides, an experimental setup could
add new interesting perspectives on the final implications of the methodology.

5.7 Summary

In this chapter the main cases extracted in the methodology have been verified by
means of EMT simulations conducted in DIgSILENT PF, against a perturbation
in DC voltage setpoint of 1% of its steady-state value. Besides, several aspects of
the EMT simulations are further discussed and the main implications for tuning
PR controllers have been justified considering other research studies that have
been previously published.
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6 Conclusions and future work

6.1 Conclusions

This PhD thesis has investigated the small signal stability of a PR- controlled
VSC connected to an AC system when subjected to reductions of SCR to weak
values while, on the one hand, X/R is constant, and on the other hand, X/R
deviates from its usual value.

The progressive weakening of AC networks with the massive integration of RES
has been widely reported in the recent literature and these scenarios also con-
tribute to test this phenomenon. Therefore, VSC controllers must be designed
and tuned according to these emergent variations that are occurring nowadays
more and more frequently. However, the author of this PhD thesis has found
that the impact of X/R ratio on the small signal stability of VSC-AC systems
has been underestimated in the recent literature.

The effect of combined changes in SCR and X/R ratio challenges the design
and tuning of outer and inner loop controllers of VSC and sheds light on cases
where the PR controller was well tuned for a weak AC grid scenario, but it loses
stability for a specific variation of X/R characteristic.

The methodology presented in this PhD thesis has used the state-space repre-
sentation to construct a small signal model of the domain under study. For
this purpose, a small signal model per each subsystem of the whole domain un-
der study has been built. These small signal models have been validated first
separately and then connected into a complete closed-loop system. The closed-
loop small signal model has been validated by means of three perturbation cases
conducted in an EMT model in DIgSILENT PF, which have encompassed de-
viations in DC and AC voltage setpoints and reactive power. The comparison
of responses coming from the small signal model and the EMT model showed
enough accuracy by the small signal model side with a relative error of 0.038
% in the worst-case scenario. This relative error encompasses the differences
between the two models due to the linearisation process, the absence of PLL
in the small signal model and several neighbouring elements that surround the
domain under study in the EMT model, which are not included in the small
signal model. These aspects provoke small variations on the steady-state point
and slightly distort the transient peaks. Although DIgSILENT PF provides an
accuracy of 6 decimal places, an experimental validation would add reliability to
the study.
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Apart from this, being PR control one of the main cores of this PhD thesis,
different topologies of PR controller have been analysed and compared with each
other, in terms of their advantages and disadvantages. For the sake of simplicity,
an ideal topology has been chosen without considering complementary feedback
branches or harmonic filtering. Nevertheless, the small signal model of this type
of controller poses additional modelling difficulties, in comparison to its alterna-
tive PI controller. Since the scheme of PR operates in αβ coordinates, it must
be converted into dq frame in order to be connected to the remaining dq sys-
tem. The remaining system operates in dq coordinates since the outer loop of
the VSC studied in this PhD thesis is made of PI controllers. The conversion
from αβ to dq coordinates requires the inclusion of a modulation stage which is
translated into summing a jω to each s term. Such operation implies the arising
of coupling terms, the increment of the polynomial order and along with this,
the generation of new state variables. A small signal equivalent for the PR con-
troller has been generated considering three state variables per axis, amounting
to six in contrast to only four state variables that the PI requires. In return,
the PR controller scheme provides an increased functionality in terms of stability
and dynamic response, with respect to PI controller. However, other PR control
schemes different from the ideal PR topology could have also been tested, as well
as, several functionalities, such as the harmonic filtering, that could have been
implemented within the specific PR controller scheme.

The PR controller has been tuned in the beginning with a PR parameterisation
that provides enough stability margin. However, this parameterisation could
have also considered the design of VSC output filter, which has been left unmod-
ified along the study. The outer loop has been tuned in order to give an adequate
DC voltage response, not surpassing a 7.5% of overshoot and by having a time
response limited by 100 ms. With these baseline parameterisations, the small
signal model has been used to carry out the eigenvalue analysis.

In the first place, the stiffness of the AC grid to which the VSC is connected
has been varied when the X/R characteristic is constant. For such variation,
the trajectory of eigenvalues has been obtained. Hence, a range of kp and ki
values has also been tested for stiff and weak AC grid scenarios. In a stiff AC
grid, the decrease of kp and/or the increase of ki move the eigenvalues within the
stable region but towards the imaginary axis, so that they progressively reduce
the stability margins. Besides, the decrease of kp to low values in a weak AC
grid has been proven to drive the system to instability, while ki does not present
very significant influence.

152



In the second place, the eigenvalue trajectories have been obtained for variations
of X/R characteristic in a weak AC grid, for the baseline PR parameterisation.
The purpose of this analysis has been to address the sensitivity of the stability of
the system to ±10% and ±20% changes in the X/R ratio for a given PR param-
eterisation and a weak AC grid scenario. According to the analysis conducted
in chapter 4, several unstable cases have been identified in weak AC grids with
lowered X/R characteristic from their usual value. With a view to address these
issues, the methodology proposes new tuning strategies based on the modifica-
tions of ki and kp values. The analysis concludes that either the increase of kp
and/or the decrease of ki can return the system back to stability again. More-
over, the strategy based on the reduction of ki also diminishes the oscillatory
component of the critical eigenvalues.

As for the new tuning strategies, it seems obvious that the modification of the
proportional constant of PR controller is the way of driving the system back to
stability again in weak AC grids, which typically present poor stability margins.
However, the X/R characteristic has not been included in the studies of SCR
reductions so far. Therefore, though not being the newest strategy, it yields to
the conclusion that the kp range to guarantee the stability of a critically stable
system is displaced when X/R ratio is altered from its usual value.

Apart from this and being this methodology aimed at checking instabilities for
low levels of X/R ratio modifications, the displacements of the eigenvalues cross-
ing the imaginary axis are very limited. Consequently, the absolute real posi-
tive coordinates for unstable eigenvalues are very close to the coordinate origin.
However, cases with larger variation on X/R ratio have also been checked with
similar conclusions, though these large changes in the X/R ratio of the AC grid
have not been reported yet. Anyway, for larger variations of the X/R ratio the
displacement of the eigenvalues along the real axis would be increased.

The previous conclusions have also been verified against EMT simulations carried
out in DIgSILENT PF. It must be remarked that the changes in kp and ki
suggested by the two types of strategies are large enough to drive the system
back to the stable region, but do not account for the exact limits beyond which
the stability is achieved or lost. This consideration has been adopted due to the
small relative error of 0.038 % between the small signal model and the EMT
model.

In previous chapters, the unstable cases have been interpreted and contextualised
with phenomena occurring in the AC networks. Weak AC grids suffer significant
parameters variation with the change of SCR and/or X/R ratios. Apart from
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this, reductions in the X/R ratio make the AC system more resistive, provoking
the arising of AC voltage oscillations as the active power transfer changes. In
this situation, the reactive power export capability increases, which does not
contribute to maintain the AC voltage at the PCC either. The arising of voltage
spikes happens especially in AC grids with low values of SCR and X/R ratio and
turn to risk the stability.

The whole analysis clearly shows that not only the stiffness of the AC grid
must be considered in order to tune the PR controlled VSCs, but also the X/R
characteristic in order to completely assess the risk of the VSC-AC system to
instabilities. The validity of this methodology, and therefore, the findings can
also be extended to an MMC under the assumption of CM control, as detailed
in section 3.4 of chapter 3.

As a result of the development of the PhD thesis, the following contributions
have been made.

• Development of a methodological tool or guideline to identify unexpected
small signal instability issues of a VSC connected to an AC grid. The
methodological approach proposed by this PhD thesis can help researchers
when trying to identify sources of unexpected instabilities in a system.

• Identification of weak AC grid scenarios that with the change of X/R char-
acteristic compromise and lose the stability. So far, small signal stability
studies in weak AC grids have considered the reduction of SCR values but
not combined with slight modifications in X/R ratio. These scenarios have
been found through a deep review in the literature. Besides, the scenar-
ios and conclusions of the present work may help grid code makers when
defining local connection requirements of VSCs.

• Development of a methodology which extracts implications for tuning PR
current controlled VSCs connected to AC grids with variable strength and
X/R ratio. For this purpose, a small signal model of a PR controlled VSC
connected to an AC grid has been constructed and numerically validated.
A systematic procedure for eigenvalue trajectory analysis is proposed to
address the variable X/R characteristic of the AC grid. Besides, the cases
extracted from the methodology have been verified by EMT simulations,
and the methodology has been justified to be extended to modular multi-
level converters under the compensated modulation control approach.
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6.2 Future work

This thesis has addressed the tuning criteria of PR controlled VSCs when sub-
jected to combined changes of SCR and X/R ratios of the AC grid to which is
connected. Being this a finite work, there are future lines that can continue the
work initiated by this thesis.

• The AC grid model, defined by its Thevenin equivalent, could be a more
detailed one, such as a synchronous generator. In this case, the eigenvalue
analysis could also take into account other variables related to the control
and dynamics of a synchronous generator, in order to study more complex
resonances of the system and extract more complete criteria for tuning
control parameters in order to avoid such risk of resonances. Besides, the
effect of the DC grid current dynamics could be also included in the study,
as well as the presence of a capacitive element in the VSC output filter.

• As for the MMC context, the application of the methodology could be ex-
tended to MMCs driven by control structures that do not follow the CM
control approach. For these cases, more detailed models of converters and
other components could be simulated.

• The studied system could also be connected to a grid with more VSCs, AC
lines and synchronous generators, in order to study more complex interac-
tions.

• The methodology could be tested in applications where other PR controller
schemes are implemented. Different PR control schemes, according to feed-
back branches and/or harmonic filtering, could also be compared in terms
of minimising the risk of instability originated by changes in SCR and X/R
ratio.

• The methodology could be applied to other power grid contexts where the
change in X/R ratio is more frequent, such as the electrical distribution
context or microgrids. Therefore, the methodology proposed by this PhD
thesis could also be applied to this context by making the necessary and
pertinent adaptations.

• An experimental setup could also be used to carry out additional validation
process of the methodology. This would give the new perspectives to the
implications of the methodology.
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Appendix A- Analytical methods for stability anal-
ysis

This appendix is aimed at providing a description of the mainly used analytical
methods for modelling and analysing the stability of electrical power systems.

Based on the scheme presented in Figure 3, the methods are grouped according
to their reference domain, that can lead to either time or frequency-based formu-
lations. The methods within each category are described by means of equations
and theorems, and their differences further discussed.

A.1 Time based formulations

Inside this category, two common time-based formulations are presented and
described, the state-space representation and the Lyapunov theory. Time-based
analytical formulations are validated against numerical simulations by comparing
their time responses against the same perturbation.

A.1.1 State-space representation

The state-space theory of time-invariant systems is hereafter presented, according
to [115]. The state-space representation of a time-invariant system can be given
by a set of non-linear first order ordinary differential equations defined by (70),
(71) and (72).

d

dt
x = f(x, u) (70)

y = g(x, u) (71)

x =


x1

x2

...
xn

u =


u1

u2

...
um

 f =


f1

f2

...
fn

 y =


y1

y2

...
yo

 g =


g1

g2

...
go

 (72)

In (70),(71) and (72) x represents the state vector composed by n state variables
which account for the state of the system, u is a column vector which includes
the system inputs, y is a column vector that contains the system output, and f
and g are vectors of n and m non-linear functions, respectively. The state-space
representation is not unique and several sets of state variables can be used to
describe the system.
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The x state vector must be composed by n linearly independent systems, so
that they encompass the minimum information about the system at every time
instant. Both the x state vector and the u input vector determine the behaviour
of the system for every time instant. The y output vector gives the responses of
the system as a function of the x state variables and u inputs.

Being (70) and (71) usually non-linear expressions, they must be linearised
around an operating point, in order to carry out small signal stability analy-
sis.

The process of linearisation starts by defining this specific operating point. The
given operating point can be defined by its state and input vectors, x0 and u0

and the equilibrium condition, as shown in (73).

d

dt
x0 = f(x0, u0) = 0 (73)

Having defined the equilibrium condition in (73), the state vector x suffers a ∆x

perturbation, so that the state vector is now updated as x=x0+∆x. Therefore,
(70) gets also modified as (74) shows.

d

dt
x =

d

dt
x0 +

d

dt
∆x = f(x0 + ∆x, u0 + ∆u) (74)

Due to the small magnitude of the perturbation, the first order Taylor’s series
expansion can be used to approximate ∆x in (74), as shown in (75), where
the terms involving second and higher order powers of ∆x and ∆u have been
neglected.

d

dt
∆x =

∂f

∂x1

∆x1 + . . .+
∂f

∂xn
∆xn +

∂f

∂u1

∆u1 + . . .+
∂f

∂um
∆um (75)

The modification of state variables given by x=x0+∆x also affects the output
vector by having y=y0+∆y, where ∆y can be expressed as (76) shows.

∆y =
∂g

∂x1

∆x1 + . . .+
∂g

∂xn
∆xn +

∂g

∂u1

∆u1 + . . .+
∂g

∂um
∆um (76)

If (75) and (76) are expanded into their vector components, the system defined
by (70), (71) and (72) is transformed into the equations defined by (77) and (78).

d

dt


∆x1

∆x2

...
∆xn

 =


∂f1

∂x1
. . . ∂f1

∂xn... . . . ...
∂fn
∂x1

. . . ∂fn
∂xn




∆x1

∆x2

...
∆xn

+


∂f1

∂u1
. . . ∂f1

∂um... . . . ...
∂fn
∂u1

. . . ∂fn
∂um




∆u1

∆u2

...
∆um

 (77)
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∆y1

∆y2

...
∆yo

 =


∂g1

∂x1
. . . ∂g1

∂xn... . . . ...
∂go
∂x1

. . . ∂go
∂xn




∆x1

∆x2

...
∆xn

+


∂g1

∂u1
. . . ∂g1

∂um... . . . ...
∂go
∂u1

. . . ∂go
∂um




∆u1

∆u2

...
∆um

 (78)

Equations (77) and (78) are the space-state equations that describe the perfor-
mance of the small signal system. In order to introduce the state-space matrices,
these expressions can be reformulated as indicated in (79) and (80).

d

dt


∆x1

∆x2

...
∆xn

 = A


∆x1

∆x2

...
∆xn

+B


∆u1

∆u2

...
∆um

 (79)


∆y1

∆y2

...
∆yo

 = C


∆x1

∆x2

...
∆xn

+D


∆u1

∆u2

...
∆um

 (80)

In (79) and (80) the state-space matrices are first introduced: being A the state
matrix, B the control matrix, C the output matrix and D the feed-forward
matrix. These matrices are given by (81) and (82).

A =


∂f1

∂x1
. . . ∂f1

∂xn... . . . ...
∂fn
∂x1

. . . ∂fn
∂xn

 ;B =


∂f1

∂u1
. . . ∂f1

∂um... . . . ...
∂fn
∂u1

. . . ∂fn
∂um

 (81)

C =


∂g1

∂x1
. . . ∂g1

∂xn... . . . ...
∂go
∂x1

. . . ∂go
∂xn

 ;D =


∆g1

∂u1
. . . ∂g1

∂um... . . . ...
∂go
∂u1

. . . ∂go
∂um

 (82)

The stability of a linear system depends merely on the characteristics of the
system, regardless of the inputs. Therefore, the state matrix (A) is of special
relevance for small signal stability analysis as it contains the characteristics of
the system. The stability assessed according to this method is based on the
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observation of the responses (y) and the state variables (x ) of the system under
several perturbations. If the responses and state variables converge to the set-
point once the transitory period has passed, then the system is stable. On the
contrary, if the responses and the state variables oscillate and do not converge
to the setpoint, then the system is unstable.

A.1.2 Lyapunov theory

The following theoretical analysis that describes the Lyapunov theory is based
on [117] and [118], which represents an alternate modelling tool to state-space
equations.

The ordinary Lyapunov function method evaluates whether a dynamical system
is stable or asymptotically stable [118]. In other words, it evaluates whether the
system starting in a state in some domain Ω will remain in Ω, or for asymptotic
stability will eventually return to x=0. This is introduced by the definition of a
dynamic equation given by the state-space equations, as shown in (83).

ẋ = F (x) (83)

Lyapunov’s stability theory is based on finding a scalar function V (x) defined
in the state-space of the dynamic system described by (83). On the one hand,
the Euclidean space determined by x is referred to as the state-space whilst the
point x, for which F (x) = 0, is referred to as the equilibrium point.

On the other hand, the equilibrium points are also defined as those x for which
∇V (x) = 0. The mathematical condition for checking whether a function V (x)

has a maximum or minimum at a stationary point can be derived by obtaining
the Taylor series of V (x), as (84) shows, where H = [δ2V/δxiδxj] is the Hessian
matrix.

V (x+ ∆x) ∼= V (x) + ∆xT [∇V ] +
1

2
∆xTH∆x+ ... (84)

If the function V (x) is subjected to a disturbance ∆V (x), the increment or
reduction in V (x) is shown in (85).

∆V (x) = V (x+ ∆x)− V (x) ∼=
1

2
∆xTH∆x =

N∑
i=1

N∑
j=1

hij∆xi∆xj (85)

In (85) it is shown that the variation in V (x) is equal to the quadratic form of
the state variables xi and xj, by means of the Hessian matrix H(xi, xj).
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According to [117], such a quadratic form has a minimum (left-side image in
Figure 106) at a given stationary point if, and only if, the Hessian matrix H

is positive definite, i.e. that all leading principal minors of the matrix H are
positive. In contrast, if all leading principal minors of H are negative then the
matrix is negative definite and the quadratic form has a maximum (image in
the middle in Figure 106) at a given stationary point. If some leading principal
minors are positive and some are negative, the matrix H is non-definite and
the quadratic form has a saddle point (right-side image in Figure 106) at the
stationary point.

Figure 106: A scalar function of two variables with three types of stationary
points: minimum, maximum and saddle point [117].

With the definition of the scalar function V (x) in the state-space, each point on
the system trajectory x(t) corresponds to a value of V (x(t)). The rate of change
of V (x) along the system trajectory x(t) can be expressed as in (86).

V̇ =
dV

dt
=
δV

δx1

dx1

dt
+
δV

δx2

dx2

dt
+...+

δV

δxn

dxn
dt

= [∇V (x)]T ẋ = [∇V (x)]TF (x) (86)

If a positive definite scalar function V (x) is assumed to have a stationary point at
the equilibrium point, any disturbance ∆x = 0 will move the system trajectory
to an initial point x0 6= x.

If the system is asymptotically stable, as seen in Figure 107a, then the trajectory
x(t) will tend towards the equilibrium point and V (x) will decrease along the
trajectory until x(t) settles at the minimum point.

If the system is unstable, as noted in Figure 107b, then the trajectory will move
away from the equilibrium point and V (x) will increase along the trajectory.
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Figure 107: Illustration of Lyapunov’s theorems on stability: (a) asymptotic
stability and (b) instability [117].

Finally, the main considerations of Lyapunov’s theory can be summarised in the
following theorem.

Let x be an equilibrium point of a dynamic system ẋ = F (x). Point x is stable
if there is a continuously differentiable positive definite function V (x), such that

˙V (x) ≤ 0. Point x is asymptotically stable if ˙V (x) < 0.

One of the main advantages of Lyapunov’s theorem is that it can be used to eval-
uate the stability of a system without deriving and solving differential equations
defined by (83) and as the state-space equations require.

However, its drawback is how to find a suitable positive definite Lyapunov func-
tion V (x) without determining the system trajectory and for which the sign of
the derivative V (x) can be determined. Generally, the Lyapunov function V (x)

will be non-linear and may have more than one stationary point.

A.2 Frequency based formulations

The most common frequency-based formulations are hereupon described, namely
the eigenvalue analysis and the impedance analysis. Frequency analytical formu-
lations can be verified either comparing the Bode diagrams with those obtained
with numerical methods or directly verified by numerical time domain simula-
tions.
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A.2.1 Eigenvalue analysis

Eigenvalues and eigenvectors characterise the dynamic evolution of the state
variables of a system with the time. The definition of eigenvalues and eigenvectors
is hereafter given [115].

The eigenvalues (λ) of the state matrix A are a set of complex numbers for which
the following system of equations meet Φ=0, according to (87), where A is the
state matrix of nxn dimensions and Φ is a column vector with n rows called right
eigenvector.

AΦ = λΦ (87)

The expression in (87) is equivalent to (88), which is known as the characteristic
equation of the system and being I the identity matrix.

det(A− λI) = 0 (88)

The set of n solutions λ1, λ2...λn of the characteristic equation (88) are the
eigenvalues of the system. For each eigenvalue λ1, λ2...λn it is possible to define
an associated right eigenvector Φi, defined by (89), that satisfies (87).

AΦi = λiΦi,∀i = 1, 2, ..., n; Φi =


Φ1

Φ1

...
Φn

 (89)

In (89), Φi is the ith right eigenvector with n rows. Besides, a system characterised
by an nxn A state matrix has n right eigenvectors that can be grouped as a nxn
matrix, as (90) indicates.

R =


Φ11 Φ12 . . . Φ1n

Φ21 Φ22 . . . Φ2n

...
... . . . ...

Φn1 Φn2 . . . Φnn

 (90)

Alternatively, for every eigenvalue λi it is possible to define an associated left
eigenvector ψi that fulfils (91).

ψiA = λiψi,∀i = 1, 2, ..., n;ψi =
(
ψ1 ψ1 . . . ψn

)
(91)
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And analogously to the matrix of right eigenvectors, the matrix of left eigenvec-
tors is built according to (92).

L =


ψ11 ψ12 . . . ψ1n

ψ21 ψ22 . . . ψ2n

...
... . . . ...

ψn1 ψn2 . . . ψnn

 (92)

Therefore, the right eigenvector matrix (R) and the left eigenvector matrix (L)
are related by the expression in (93).

L = R−1 (93)

The expression in (89) is used to calculate the eigenvalues of the system while
(89) and (93) are used to calculate the eigenvectors.

If the inputs of the system are set to zero, then (79) takes the form of (94).

d

dt


∆x1

∆x2

...
∆xn

 = A


∆x1

∆x2

...
∆xn

 (94)

The solution of (94) for the i-th state variable when the system inputs are zero
depend merely on the initial conditions of the state variables, as shown in (95).

∆xi = Φi1(ψ11∆x1(0) + ψ12∆x2(0) + . . .+ ψ1n∆xn(0))eλ1t+

Φi2(ψ21∆x1(0) + ψ22∆x2(0) + . . .+ ψ2n∆xn(0))eλ2t+

. . .

+ Φin(ψn1∆x1(0) + ψn2∆x2(0) + . . .+ ψnn∆xn(0))eλnt

(95)

In (95) λ1,λ2,...,λn are the eigenvalues of the state matrix, ∆xi(0) is the initial
condition of the i-th state variable and Φxy and ψxy the entries of the left and
right eigenvalues respectively.

According to (95), the dynamic evolution of state variables is built as the super-
position of n dynamic modes, where eλit represents the time characteristic of a
mode corresponding to a λi eigenvalue. The general expression of an eigenvalue
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(λi) is given by (96), where σi and ωi are the real part and imaginary parts,
respectively.

λi = σi ± jωi = eσtcos(ωt+ ϕ) (96)

Complex eigenvalues appear in conjugate pairs, i.e. λi = σi + jωi and λi =

σi − jωi. The combined effect of both conjugate pairs in the dynamic equation
of the system has the form expressed in the right term of the expression in
(96). Consequently, complex conjugate eigenvalues produce oscillatory modes.
The real part of the eigenvalue (σi) represents the damping of the mode. If σi
is negative, the mode is damped and its amplitude falls towards zero with the
time. Consequently, the response of the system for that mode is stable. The
larger σi is, the faster decay of the amplitude is observed. On the other hand,
if σi is positive, the amplitude of the oscillation increases continuously and the
system is unstable.

As for the imaginary component (ωi) of (96), it represents the damped angular
frequency. The corresponding damped frequency is given by (97).

fd,i =
ωi
2π

= fn,i

√
1− ζ2

i (97)

In the right term of (97), two parameters are introduced: the damping ratio (ζi)
and the undamped natural frequency (fn). The damping ratio (ζi) represents
the rate of decay of the amplitude of the mode and it is given by (98).

ζi =
−σi√
σ2
i + ω2

i

(98)

The damping ratio measures the number of undamped cycles that takes the re-
sponse to attenuate. According to (96), the amplitude of the mode decays to 1/e
or 37% of the initial amplitude in 1/|σi| seconds or in 1/(2πζi) cycles of oscil-
lation. As for the undamped natural frequency, (fn,i) represents the frequency
of oscillation of the mode of an equivalent undamped system, i.e an equivalent
system but with ζ = 0.

Therefore, the location of eigenvalues in the complex plane determine the stability
of the system and the system’s dynamic characteristics as follows.

• If an eigenvalue is positive the system becomes unstable, while if it is
negative the system is stable.

• An eigenvalue with just a real part and the imaginary part set to zero (ωi =

0) becomes a real eigenvalue, which corresponds to a non-oscillatory mode.
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• The damping ratio and the natural undamped frequency determine the os-
cillatory behaviour of the system.

In order to study the influence of the eigenvectors on the dynamics of the state
variables, the participation factor theory can be found in [115].

A.2.2 Impedance analysis

While the state-space and eigenvalue analysis require the detailed analytical mod-
elling information for studying the stability, impedance-based small signal sta-
bility analysis method does not need the detailed modelling of the system [26].

An impedance model for the power system is analytically derived in an analogous
approach as the state-space equations for each subsystem, but considering the
impedance model of each subsystem and putting them together, so that they are
grouped into two different blocks: the load and the source impedance, as seen in
Figure 108.

Figure 108: Equivalent impedance model [26].

According to Figure 108, the source subsystem is modelled by its Thevenin equiv-
alent circuit, consisting of an ideal voltage source (Vs) in series with an output
impedance (Zs), while the load subsystem is modelled by its Norton equivalent,
composed by an ideal current source (Il) in parallel to its input impedance (Zl)
[119]. By having the system presented in Figure 108, the current IPCC flowing
from the source to the load can be calculated as deduced from (99).

IPCC(s) =
Vs(s)

Zl(s) + Zs(s)
=
Vs(s)

Zl(s)
∗ 1

1 + Zs(s)/Zl(s)
(99)

The source voltage is assumed to be stable when it is unloaded and the load
current when it is powered from an ideal source, which makes both Vs(s) and
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1/Zl(s) stable. Therefore, the stability of the current at the PCC depends on
the stability of the term in (100).

H(s) =
1

1 + Zs(s)/Zl(s)
(100)

According to (100) H(s) adopts the shape of a close-loop transfer function of a
negative feedback control system, where the forward gain is 1 and the feedback
gain is Zs(s)/Zl(s) [119]. The latter is defined as the ratio of the source output
impedance to the load input impedance. According linear control theory, H(s)

is stable if and only if Zs(s)/Zl(s) satisfies the Nyquist stability criterion [120].

According to [120], the Nyquist stability criterion determines the stability of
a closed-loop system from its open-loop frequency response and poles. This
criterion represents graphically the contour of Zs(s)/Zl(s) in the s plane and
three possibilities can occur:

• There is no encirclement of the –1+j0 point (Figure 109(a)). This implies
that the system is stable if there are no poles of Zs(s)/Zl(s) in the right
half-plane; otherwise, the system is unstable.

• There are one or more counterclockwise encirclements of the –1+j0 point.
In this case the system is stable if the number of counterclockwise en-
circlements is the same as the number of poles of G(s)H(s) in the right
half-plane; otherwise, the system is unstable.

• There are one or more clockwise encirclements of the –1+j0 point (Figure
109(b)). In this case the system is unstable.

Unlike eigenvalue analysis, Nyquist stability criterion can determine the absolute
stability of the closed-loop system graphically from open-loop frequency-response
curves, without needing to determine the closed-loop poles. Therefore, analyti-
cally obtained open-loop frequency-response curves, as well as those experimen-
tally obtained, can be used for the stability analysis. This is convenient because
it often happens that mathematical expressions for some of the components are
unknown and only their frequency-response data are available.
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(a) (b)

Figure 109: Nyquist paths according to stability (a) Stable Nyquist path, with
no encirclements of -1+j0 and (b) Unstable Nyquist path, with an encirclement
of -1+j0 [120].

A.3 Discussion of methods

Finally, the methods previously described are compared to extract the main
advantages and disadvantages of each one with respect to the others.

As for the time-based formulations, the state-space equations are derived and
can be linearised by following a common and systematic procedure, but at the
cost of requiring detailed information of each subsystem that is not needed in
its alternate method, the Lyapunov theory. In the Lyapunov method, the sta-
bility of a system can be assessed without deriving and solving the differential
equations imposed by the state-space system. However, it requires the effort of
obtaining a suitable positive definite scalar function without knowing the sys-
tem’s trajectories and for which its derivative sign can be determined. Therefore,
a more complex procedure is involved in Lyapunov theory than in the derivation
of state-space equations.

As for the frequency-based formulations, the eigenvalue analysis has the advan-
tage of determining global stability of a system but, as its homologous state-space
equations method, it requires very detailed information. The impedance-based
analysis does not require such deep level of details since the open-loop poles are
sufficient to determine stability of the system. However, impedance-based anal-
ysis is generally only valid to assess local stability. In contrast, global stability is
used in bigger systems that experiment more complex interactions which imply
detailed modelling and thus eigenvalue analysis is preferable for these cases.
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Appendix B- EMT model parameters in DIgSI-
LENT PF

In this appendix the main model and control parameters are gathered for each
element shown in Figure 71. Names in parentheses correspond to the specific
name given in Figure 71.

B.1 General information of each model

Model Description
AC line model (LineAC_Grid) Conductor material: Copper

Insulation material: PVC
Multi-core with non-metallic (PVC) sheath

and armoured cable
Onshore and offshore VSC models two-level VSC. Modulation: Sinusoidal

(Conv_ONshore and Conv_OFFshore) VSC model: Controlled Voltage Source
DC line model Conductor material: Copper

(DC-Line_pos and DC-Line_neg) Insulation material: PVC
Multi-core with non-metallic (PVC) sheath

and armoured cable
Wind park AC line model Conductor material: Copper

(LineAC_WPark) Insulation material: XLPE
Multi-core with non-metallic (PVC) sheath

and armoured cable
Wind park model (WindPark (SG)) Static generator

Table 5: General configuration of each model in DIgSILENT PF
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B.2 AC line model (LineAC_Grid)

Parameter Description Value
VAC Rated AC voltage (kV) 275
IAC Rated AC current (kA) 2
R AC line resistance (Ω/km) 0.015
L AC line inductance (mH/km) 0.4
C AC line parallel capacitance (µF/km) 0.22
G Conductance (µS/km) 0

X/R AC line X/R ratio 8.37
lline AC line length (km) 1

Table 6: EMT model parameters of AC line model in DIgSILENT PF

B.3 Onshore VSC model (Conv_ONshore)

Parameter Description Value
VDC Rated DC voltage (kV) 640
VAC Rated AC voltage (kV) 275
SV SC Rated VSC power (MVA) 560
Rf VSC output filter (Ω) 0.001
Lf VSC output filter(H) 0.014
Pnold No load losses (kW) of VSC 4000

swtLossFactor Switching loss factor (kW/A) of VSC 0
Ron On resistance for diode/transistor parameter (Ω) of VSC 0.0001
Goff Off-conductance (µS) of VSC 0.001
R0/R1 R0/R1 ratio of VSC 1
X0/X1 X0/X1 ratio of VSC 1

CapONshore Onshore capacitor (µF ) 450

Table 7: EMT model parameters of the onshore VSC model in DIgSILENT PF
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B.4 DC line model of the HVDC bipolar configuration (DC-
Line_pos and DC-Line_neg)

Parameter Description Value
VDCline Rated DC voltage (kV) 320
IDCline Rated current (kA) in ground 1.5
RDCline Resistance (Ω/km) 0.0063
LDCline Inductance (mH/km) 1.27324
CDCline Capacitance (µF/km) 0.01
GDCline Conductance (µS/km) 0
lDCline Length of DC line (km) 100
− Derating factor of DC line 1

Table 8: EMT parameters of DC line of the bipolar HVDC configuration in
DIgSILENT PF

B.5 Control of onshore VSC

Parameter Description Value
ω Resonant angular frequency-PR control (rad/s) 314.159
kq Outer loop control -proportional constant of PI controller in the q axis 0.4
Tq Outer loop control-time constant of PI controller in the q axis (s) 0.01
kv Outer loop control-proportional constant of PI controller in the d axis 30
Tv Outer loop control-time constant of PI controller in the d axis (s) 0.09

kFSM Outer loop control-frequency sensitive mode slope 0.05
kdroop,AC Outer loop control-droop AC control constant −2.2

TrVDC
Filter time constant-DC Voltage (s) 0.01

Trq Filter time constant -reactive Power (s) 0.02
dbd Dead-band droop AC Voltage (p.u.) 0.005
kp Inner loop control-proportional constant of PR controller in dq axis 1.5
ki Inner loop control-integral constant of PR controller in dq axis (s) 30000

Table 9: Control parameters of onshore VSC model in DIgSILENT PF

172



B.6 Wind park AC line (LineAC_WPark)

Parameter Description Value
VAClineWP Rated AC voltage (kV) 220
IAClineWP Rated AC current (kA) 0.775
RAClineWP AC line resistance (Ω/km) 0.001724
LAClineWP AC line inductance (mH/km) 0.4
CAClineWP AC line parallel capacitance (µF/km) 0.22
lAClineWP AC line length (km) 10

Table 10: EMT model parameters of the AC line of the wind park in DIgSILENT
PF

B.7 Offshore VSC model (Conv_OFFshore)

Parameter Description Value
VDC Rated DC voltage (kV) 640
VAC Rated AC voltage (kV) 220
SV SC Rated VSC power (MVA) 560
Rf VSC output filter (Ω) 0.001
Lf VSC output filter(H) 0.014
Pnold No load losses (kW) of VSC 4000

swtLossFactor Switching loss factor (kW/A) of VSC 0
Ron On resistance for diode/transistor parameter (Ω) of VSC 0.0001
Goff Off-conductance (µS) of VSC 0.001
R0/R1 R0/R1 ratio of VSC 1
X0/X1 X0/X1 ratio of VSC 1

CapOFFshore Onshore capacitor (µF ) 450

Table 11: EMT model parameters of the offshore VSC model in DIgSILENT PF
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B.8 Offshore transformer

Parameter Description Value
ST Rated apparent power (MVA) 270
fT Nominal frequency (Hz) 50

VT,AC,HV Rated voltage-High voltage side (kV)-YN 220
VT,AC,LV Rated voltage-Low voltage side (kV)-Y 66
X1,AC Positive sequence reactance (p.u.) 0.099
R1,AC Positive sequence resistance (p.u.) 0.0011

CAClineWP AC line parallel capacitance (µF/km) 0.22
− No load current (%) 0.16
− No load losses (kW) 0

Table 12: Model parameters of offshore transformer in DIgSILENT PF

B.9 Control of offshore VSC

Parameter Description Value
kAC PI constant-AC voltage control 1
TAC Time constant-AC voltage control 0.01
Trudc Udc filter time constant 0.01
Trac Udc filter time constant 0.005
dbdudc Dead-band udc droop control 0.03
fmin Minimum output frequency-droop control (p.u.) 1
fmax Maximum output frequency-droop control (p.u.) 1.04
udcref Voltage setpoint-droop control 1.01
udc,min Minimum Udc voltage (Droop control) (p.u.) 1
udc,max Maximum Udc voltage (Droop control) (p.u.) 1.06
Pm,min Minimum modulation index (AC voltage control) 0
Pm,max Maximum modulation index (AC voltage control) 1

Table 13: Control parameters of offshore VSC in DIgSILENT PF
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B.10 Wind farm (WindPark (SG))

Parameter Description Value
NWT Number of wind turbines 100
SWT Nominal apparent power (MVA) 5.5
pf Power factor 0.9
PWT Active power (MW) dispatch for each wind turbine 4
QWT Reactive power (MVAr) dispatch for each wind turbine 0

Table 14: Model parameters of offshore wind park in DIgSILENT PF
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Appendix C- Parameters of the small signal model

Parameter Description Value
VDC Rated DC voltage (kV) 640
VAC Rated AC voltage (kV) 275
SV SC Rated VSC power (MVA) 560
Rf VSC output filter (Ω) 0.001
Lf VSC output filter (H) 0.014
R AC line resistance (Ω/km) 0.015
L AC line inductance (mH/km) 0.4
C AC line parallel capacitance (µF/km) 0.22

X/R AC line X/R ratio 8.37
lline AC line length (km) 1
ω Resonant angular frequency -PR control (rad/s) 314.159
kq Outer loop control-proportional constant of PI controller in the q axis 0.4
Tq Outer loop control-time constant of PI controller in the q axis (s) 0.01
kv Outer loop control-proportional constant of PI controller in the d axis 30
Tv Outer loop control-time constant of PI controller in the d axis (s) 0.09

kFSM Outer loop control-frequency sensitive mode slope 0.05
kdroop,AC Outer loop control-droop AC control constant -2.2
TrVDC

Filter time constant-DC voltage (s) 0.01
Trq Filter time constant -reactive power (s) 0.02
dbd Dead-band droop AC Voltage (p.u.) 0.005
kp Inner loop control-proportional constant of PR controller in dq axis 1.5
ki Inner loop control-integral constant of PR controller in dq axis (s) 30000

Table 15: Parameters of the small signal model
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