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Abstract

The European Union’s energy policy strives for a competitive, sustainable and
secure energy supply. One of the most obvious results of this policy is the
ongoing strong increase of renewable energy sources in the energy supply.

The transmission grid updates required to accommodate this envisaged massive
amount of renewable energy sources in the transmission system go well beyond
standard system reinforcements used in the past: in the coming decades, a North-
Sea grid interconnecting various offshore wind farms is expected to be built.
This grid can gradually evolve into a European overlay supergrid connecting
the offshore wind resources with the demand centers on the continent. Also
solar energy, concentrated in the south of Europe, will require similar solutions.
Voltage Source Converter High Voltage Direct Current (VSC HVDC) is the
most suitable technological candidate to build such a grid.

One of the challenges to use this technology relates to the control of the DC
voltage in case of DC system contingencies, such as a converter outage. This
thesis deals with the modeling and control of VSC HVDC in a meshed DC grid
and multi-terminal DC systems in general. Models are developed to address
both the interactions with the AC system and the control of the DC system.
The main contributions of the work include a detailed comparison of different
DC voltage control strategies for multi-terminal DC systems, the development
of detailed dynamic and steady-state models as well as an open-source Matlab-
based power flow software program, MatACDC, which enables the study of
the influence of the DC voltage control on the power flows in the AC and DC
systems. Furthermore, the impact of a distributed DC voltage control on the
AC system transient stability is investigated, as well as the influence of the DC
system layout on the DC voltage control after a contingency.
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Samenvatting

Het beleid van de Europese Unie inzake energiebevoorrading streeft naar een
energiemix waarbij zowel competitiviteit, duurzaamheid en bevoorradingszeker-
heid centraal staan. Eén van de meest opvallende gevolgen van dit beleid is de
sterke toename van hernieuwbare energiebronnen in de energiebevoorrading.

De toekomstige netwerkinvesteringen die nodig zijn om de verwachte hoeveelheid
hernieuwbare energiebronnen in het transmissienet te integreren, gaan een
stap verder dan het gebruik van voorhanden zijnde technologische oplossingen:
met het oog op de integratie van windenergie op zee, wordt er verwacht
dat er in de komende decennia een transmissienetwerk in de Noordzee
gebouwd zal worden, dat daarna gradueel uitgebreid kan worden tot een
zogenaamd Europees supergrid, dat wind- en zonne-energie integreert met
de vraag op het Europese vasteland. Voltage Source Converter High Voltage
Direct Current (VSC HVDC) technologie, oftewel gelijkstroomtransmissie met
spanningstussenkringomvormers, wordt naar voren geschoven als de technologie
bij uitstek om dit netwerk te bouwen.

Eén van de uitdagingen bij het aanwenden van deze technologie is de controle
van de spanning in het gelijkstroomnet in noodsituaties, bijvoorbeeld na
een uitval van één van de omvormers. Het werk in deze thesis behelst
de modellering en controle van VSC HVDC technologie in een vermaasd
gelijkstroomnetwerk. De ontwikkelde modellen laten toe om de interactie
met het bestaande transmissienet te onderzoeken. De voornaamste bijdragen
van dit werk zijn een gedetailleerde vergelijking van verschillende strategieën
om de gelijkspanning te regelen, de ontwikkeling van gedetailleerde modellen in
evenwichts- en dynamisch bedrijf, alsook de ontwikkeling van een op Matlab-
gebaseerde openbronsoftware, nl. MatACDC. Deze software laat toe de invloed
van deze spanningscontrole op de vermogenstromen in zowel het gelijkstroom-
als wisselstroomnet te bepalen. Verder worden ook de impact van deze
spanningscontrole op de transiënte stabiliteit van het wisselstroomnet en de
invloed van de lay-out van het gelijkstroomnetwerk onderzocht.
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Voorwoord
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meer dan boeiend doctoraatsvoorstel. Het was prof. Belmans die me destijd
introduceerde tot de technische aspecten van de VSC HVDC technologie en
me op het hart drukte dat er binnen de onderzoeksgroep zeker plaats was voor
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het vertrouwen dat hij in mij heeft gesteld om mijn onderzoek met een grote
mate van zelfstandigheid te voeren, voor het aanreiken van talloze interessante
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Vandecasteele om het voorzitterschap van de doctoraatsjury op zich te nemen.
Prof. Dirk Van Hertem wens ik te bedanken, zowel voor de kritische vragen
en opmerkingen bij de tekst, alsook om door de jaren heen, in het begin als
collega-doctorandus, daarna als postdoc en later als professor, steeds tijd vrij
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Chapter 1

Introduction

1.1 Context and Motivation

The European power system is facing tremendous challenges as a result of the
ambitious targets the European Union (EU) has set for its future energy supply:
the aim towards a low-carbon economy by 2050, implying carbon-neutrality
for the power sector, will impact the way the European transmission system
will be redesigned and reinforced in the coming decades. The accompanying
massive integration of renewable energy sources in the European transmission
system poses major technical challenges in order to guarantee a safe and efficient
operation of transmission and distribution grids.

One of the most noticeable policies, indicating the EU’s determination to meet
its ambitious climate and energy objectives, are the 20-20-20 targets. They aim
at increasing the share of renewable energy sources in the overall energy mix to
20%, cut greenhouse-gas emissions by 20% and increase the energy efficiency by
20% by the year 2020. These targets imply a share of approximately 34% of
renewables in the overall electricity generation [1]. More stringent reductions
are to be expected for the decades to follow: a number of scenarios investigated
in the EU Energy Roadmap 2050, exploring routes towards a decarbonization
of the energy system, indicate an 85% decline of energy-related CO2 emissions
by the year 2050 [2, 3].

These policies are impacting the European power system and have serious
repercussions on the way the system will be upgraded in the future. The changes
invoked in the power generation mix are clear when observing the recent growth
in electricity coming from renewable sources: in 2012, the installed wind energy

1
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Figure 1.1: Installed capacity and electricity generation in the EU-27 countries
in 2010 (Source: Eurostat [9]).

generation capacity in the EU member states added up to roughly 106 GW,
including about 5 GW of offshore wind energy. About 12 GW of the total
wind capacity was installed in 2012 [4]. Similar trends are observed for solar
photovoltaics (PV): for the whole of Europe (including amongst others Turkey,
Former Yugoslavia, Switzerland and Ukraine), the installed solar PV capacity
added up to a cumulative capacity of 51.7 GW in 2011, of which 22.7 GW
was installed that year [5]. First data indicates that 16.6 GW was installed in
2012 [6], bringing the installed capacity to an estimated 68 GW.

In Germany, one of the countries at the forefront of this renewable energy
transition, the installed capacity at the end of 2011 added up to about 29 GW
of wind energy and 25 GW of solar PV [7]. In 2012, the total installed capacity
of PV installations in Germany added up to over 32 GW [8], accounting for
a 29 % increase in installed capacity and an accompanying 44% increase in
energy production compared to 2011. In the overall German electricity mix,
renewable energy sources accounted for slightly more than 20 % of the 604.8
TWh in 2011 [7], with wind energy adding up to respectively 8.1% in 2011 and
8.2 % in 2012, while the electricity generation from PV rose from 3.2% in 2011
to 5% in 2012 [7, 8].

Fig. 1.1 shows the share of the different technologies, amongst which the
renewable energy sources, in the electricity mix in 2010 for the EU-27 countries
in terms of installed capacity and power generation. When comparing these
numbers for 2010 with a scenario analysis projection for the year 2020 based on
a study undertaken by EURELECTRIC, the Union of the Electricity Industry,
shown in Fig. 1.2, one clearly observes the large extent to which the share from
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generation in the EU-27 countries in 2020 (Source: EURELECTRIC [10], Power
Choices scenario).

renewable energy sources is already expected to increase in the years to come1.

This massive integration of renewable energy sources at the generation side
already poses challenges with respect to the operation of today’s power system
and will set the directions for the transmission grid upgrades. The existing
electricity infrastructure was largely built in the 1960s and 1970s by vertically
integrated utilities in charge of the different aspects regarding the power supply,
i.e. generation, transmission and distribution of electricity. Their regulated
monopoly position implied that the entire power system could be perfectly
planned using well-established tools: transmission lines were built in accordance
with the need for new generation investments which, in turn, were based on
electricity consumption forecasts for the years to come. The transmission system
was operated based on predefined principles and knowledge of the scheduled
merit-order of the power plants covering demand. In light of this, the mere
purpose of interconnections between different countries and control zones was
to assist neighboring countries in case of need or to facilitate cross-border trade
based on long-term contracts.

As a result of the liberalization and unbundling process, transmission system
operators (TSO) nowadays have to facilitate the European internal energy
market. The interconnections, historically mainly built for reliability purposes,
are now serving the liberalized electricity market by allowing for cross-border

1The strong increase of PV installations in recent years, makes that the installed solar PV
capacity and the corresponding electricity generation at the time of writing (2013) already
exceed the outcomes of scenario analysis for the year 2020 for some EU member states.
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trade. The European power system is operated ever closer to its limits and
investments are needed [11].

The increasing amount of renewables in the system makes the investment needs
more urgent than ever. In the Ten-Year Network Development Plan (TYNDP)
2012 [12], published by the European Network of Transmission System Operators
for Electricity (ENTSO-E), one of the key findings was that “80% of the identified
100 bottlenecks are related to the direct or indirect integration of renewable
energy sources (RES) such as wind and solar power”. The new infrastructure
package Energy Infrastructure Priorities for 2020 and Beyond aims at ensuring
that strategic energy networks and storage facilities are completed by 2020 [13].
The reinforcement of the transmission system is considered to be one of the
key elements needed to absorb and transport the growing power coming from
variable renewable energy sources. In total, the TYNDP 2012 points at “the
need to refurbish or construct roughly 52300 km of high voltage power lines
across Europe” by the year 2022 [12]. Meanwhile, TSOs are faced with an
increased public opposition to the construction of new overhead power lines.
In light of these conflicting concerns, High Voltage Direct Current (HVDC)
technology is a good candidate to reinforce and upgrade the European grid.
Contrary to traditional high voltage AC technology, DC links can take the
form of long underground cable connections, resulting in a lower expected
public resistance and shorter permitting times. The possibility to use long cable
connections also makes HVDC the preferred solution to access remote offshore
wind resources.

HVDC-based reinforcements have historically mainly been in the form of
interconnections between non-synchronized zones, but they can also take the
form of DC links embedded in the existing AC transmission systems. Such
embedded systems have been built in the past, e.g. the Fenno-Skan subsea
HVDC link between Sweden and Finland [14]. Recently, they are also being
considered for system upgrades traditionally being realized with AC technology.
The Alegro HVDC connection between Belgium and Germany, a scheme similar
to what was first proposed in [15], will be the first embedded HVDC line
connected to the Belgian transmission system. In the UK, the Western Link
will reinforce the connections between England and Scotland [16]. A new link
between Spain and France is being built using DC technology [17]. Meanwhile,
an analysis from the German grid development plans proposes to upgrade the
German transmission system with three major HVDC corridors, accompanied
by upgrades of the 400 kV AC infrastructure [18,19].

Although these reinforcements form essential elements in strengthening the
transmission grid, a more fundamental upgrade of the existing grid is required
in the long run. The grid upgrades envisaged to accommodate the massive
amount of renewable energy sources in the transmission system go well beyond



CONTEXT AND MOTIVATION 5

Figure 1.3: Vision (1930) of an overlay 400 kV AC grid in Europe [25].

standard system reinforcements used in the past: in the next decades, a North-
Sea grid [20], interconnecting offshore wind farms, is expected to be built.
This grid can gradually evolve into a European overlay grid connecting the
offshore resources with demand on the continent. The solar energy, concentrated
in the south of Europe, will also require similar corridors to link it with
demand. This so-called “supergrid” will form a new system of “Electricity
Highways” [21] throughout Europe, consisting of energy corridors with power
ratings that surpass those of the existing AC grid. Amongst others, the European
Commission (EC) [22], the power sector [23] and environmental organizations [24]
support these developments which eventually can lead to a pan-European overlay
grid. It is worthwhile to notice that also the existing 400 kV AC overlay grid
once was the subject of comparable visionary approaches (Fig. 1.3).

Similar fundamental grid upgrades are under discussion in other parts of the
world. Though the needs for these future systems and the visions put forward
may vary, they all have a strong focus on the development of offshore wind
energy and other renewable energy sources. In the USA, the offshore Atlantic
Wind Connection is proposed to reinforce the power system at the East Coast,
thereby interconnecting several offshore wind farms. The project will be built
in phases over a 10-year period and will be able to integrate up to 7 GW of
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offshore wind energy [26]. Meanwhile, suggestions are being made to construct
an Asian supergrid interlinking amongst others Japan, Korea, China, Mongolia
and Russia [27].

Different visions have been proposed for these future grids. Nevertheless, most
visions encompass Voltage Source Converter High Voltage Direct Current (VSC
HVDC) as preferred technology2. At the time of writing (2013), 13 VSC HVDC
links are operational and a number are under construction or planned. A
fundamental difference between the systems envisaged and those built since
the introduction of the technology in the late 1990s is that the latter all have
been perceived as point-to-point connections, whereas a DC grid implies the
operation of VSC HVDC in a Multi-terminal HVDC (MTDC) system with a
meshed DC network. No VSC MTDC schemes have been constructed so far.
The Swedish Sydvästlänken, expected to be fully operational in 2019 [28], was
initially conceived as one of the first three-terminal MTDC schemes to be built
using VSC technology. Recently, the planned addition of the third terminal has
been canceled due to changed market conditions and the advent of other major
grid reinforcements in the neighboring Norwegian power system [29].

1.2 Scope of the Work

The operation of multiple converters in a meshed structure poses several
challenges. Whereas the operation and control of a small VSC MTDC system
with a limited number of terminals is still relatively similar to a two-terminal
system, DC grids ask for totally different approaches. This work deals with
modeling and control of such VSC MTDC systems and DC grids, as well as
with the interaction with existing AC systems. The main research objectives of
the work can be summarized as:

• The development of simulation tools for AC/DC systems
• The study of control methods for DC grids
• The study of AC and DC system interactions

The primary focus is on the control of DC grids and encompasses a detailed
analysis of distributed voltage control. The work includes a detailed study of
the steady-state and dynamic control aspects, as well as the influence of the
DC grid layout on the distributed control. Furthermore the influence of the DC
system control on the AC system power flows and the AC transient stability is
assessed.

2Major grid upgrades are also taking place or are being planned in China and India.
In general, these upgrades take the form of massive point-to-point or even multi-terminal
connections, using Line Commutated Converter (LCC) HVDC.
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Chapters 2 and 3 are introductory chapters. Chapter 2 provides an overview
of HVDC technology, with a focus on recent developments in VSC HVDC
technology. Chapter 3 provides an introduction to MTDC systems and DC
grids. The chapter provides insights in why VSC HVDC technology is the
preferred candidate for DC grids and highlights the different technological
challenges that need to be solved to make DC grids a reality.

The major contributions of the work are in chapters 4 to 10, which are
publications presented in either their published, accepted or submitted form.
Chapter 4 systematically introduces and classifies the different options for a
distributed DC voltage control, thereby providing a backbone to categorize the
different control concepts elaborated throughout the thesis. Chapters 5 and
6 address the steady-state modeling of hybrid AC/DC systems and introduce
MatACDC, an open-source software package for AC/DC power flow studies,
developed in the framework of this thesis. Chapters 7 and 8 address the dynamic
modeling of DC systems. Chapter 7 presents a detailed cascaded control model
and analyzes a number of DC voltage control schemes. Chapter 8 also provides a
detailed comparison between the steady-state and dynamic modeling for various
distributed voltage control implementations in case of a power order change and
a converter outage. Chapter 9 investigates the influence of the distributed DC
voltage control on the AC system transient stability, while chapter 10 analyzes
the influence of the DC system layout and the voltage control settings on the
power sharing after a DC grid contingency. The work is finalized by chapter 11,
which presents the major conclusions of the work accompanied by directions for
future work.





Chapter 2

High Voltage Direct Current
Technology

2.1 Historical Background

Although DC technology is sometimes considered to be relatively new when
compared to its well-established AC counterpart, the truth is that both AC and
DC technology have been around since the early days of electricity generation
in the late 19th century. In fact, the first electrical distribution in the US was
all based on Thomas Edison’s DC technology. Edison’s DC current was able to
work with light bulbs and motors and it could eventually even be stored using
batteries.

The major opponents to Thomas Edison’s DC technology were the American
entrepreneur George Westinghouse and the inventor Nikola Tesla, born in
present-day Croatia. Westinghouse had watched with interest the developments
in Europe in the field of AC power generation and decided to entirely devote his
career to the development of AC systems. One of the initial advantage of DC
over AC technology, namely the fact that DC motors were available whilst AC
motors were not, was settled by the invention of the first polyphase AC induction
machine by Nikola Tesla. The clash was fought both on technical and more
ideological grounds. One of the arguments advocated by the DC proponents
that might seem contradictious in light of current day’s developments, was the
fact that AC systems used higher voltage ratings, and were therefore more
dangerous. The conflict included Thomas Edison electrocuting cats, dogs and
even an elephant on stage using AC power, demonstrating that his DC power

9
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was less dangerous. Edison’s negative publicity campaign sought to discredit
Westinghouse by this use of AC and eventually led to AC currents being used
to electrocute people in an electric chair, which became even briefly known as
“westinghousing” [30].

The invention of the transformer by the French inventor Lucien Gaulard and his
English colleague John Dixon Gibbs marked a milestone for the development
of AC technology. It made AC technology to win the battle in the end as AC
voltages proved easier to be transformed, allowing for different voltage levels
for generation, transmission and distribution. In fact, it made long-distance
high voltage power transmission with lower power losses feasible. Besides the
invention of the transformer, the advent of polyphase circuits and the simple,
robust and cheap induction motor gave rise to AC systems taking over the DC
systems, which had initially been given a head start.

The last remains of DC distribution were low voltage networks in the large city
centers and electric traction (tramways, trolley buses, suburban railways and
trains). It was not before the 1970s, that, for example, Stockholm phased out
its existing DC distribution infrastructure. Finally, all DC distribution systems
were gradually replaced by AC. It was no later than November 2007 that the
last DC distribution owned by the company Consolidated Edison was shut down
in New York [31].

Though all transmission systems had turned to AC, some engineers never forgot
the advantages of DC transmission and proposed not to replace AC but to
supplement it with DC and superpose DC transmission links on an AC system
or to interconnect two AC systems with a DC link. One of the early predecessors
of current-day HVDC systems is the Thury system, named after the French
engineer René Thury. The system consisted of a number of prime mover driven
coupled DC generators, connected in series to generate a high voltage. At the
receiving end, a similar number of series-connected DC motors drove low voltage
AC generators.

The limitations of the DC machines made the Thury system infeasible for higher
power ratings and further developments in DC technology would rather require
static converters than motor-generator sets. With new developments in the
field of mercury arc valves in the 1930s, DC technology was taken back into
consideration as an alternative for the transmission of energy.

In the USA, General Electric explored the possibilities of using mercury arc
valves for DC transmission [32]. They proceeded to use DC for transmitting
5.25 MW at 30 kV on a 27 km line in 1936. Meanwhile, in 1939, a 30 km
demonstration project at 50 kV and 0.5 MW was revealed during the Fifth
Swiss national Exhibition, but the Swiss company Brown-Boveri discontinued
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its work on HVDC transmission in 1946 [33].

In 1941, the first HVDC transmission system contract for a commercial HVDC
system was placed: 60 MW were to be supplied to the city of Berlin using an
underground cable of 155 km. The system was ready for operation in 1945,
but never became operational due to the end of World War II [34]. Another
earlier experiment by Siemens-Schuckterwerke A.G. included a transmission
of 4 MW at 110 kV over a distance of 5 km on an existing line in the Berlin
district. [33]. Although a 400 kV AC line from the Alps to the Ruhr area had
already been planned, favor was given to HVDC cable connections which were
considered to be less vulnerable to air-raid attacks than AC overhead lines.
The 60 MW link was never put into operation and in 1945, the experimental
plant and documents were taken to the USSR, where an experimental line
(±100 kV1, 30 MW) between Moscow and Kashira was put into operation at
the end of 1950 [35]. Various configurations (cable with overhead line sections)
and transmission schemes (bipolar, monopolar with ground return) were tested
with this link [33].

Meanwhile, the Swedish firm ASEA began the operation of an experimental
transmission line between Mellerud and Trollhättan in 1944 [33]. It is thanks to
the invention of the graded-electrode mercury arc valve by the Swedish engineer
Udo Lamm [36], that the first commercial HVDC link saw the light of day.
The line transmitted 20 MW through a single conductor at 100 kV and used a
ground return path. This connection between mainland Sweden and Gotland
was commissioned in 1954 and can be considered to be the first commercial
HVDC link [37].

2.2 DC Transmission Systems

2.2.1 DC versus AC Transmission

The continuing and revived interest in DC systems, even after the power industry
had massively opted for the AC technology, can be attributed to different factors:

• Investment costs An HVDC link typically has two converter stations
connected by a cable or overhead connection or a combination thereof. One
of the advantages DC has over three-phase AC systems, is the need for only
two conductors instead of three, or only one in case of a monopolar link
with a ground return path. This makes DC technology an economically
feasible solution, especially with increasing transmission distance, when the

1±100 kV refers to a system voltage of +100 kV and -100 kV.
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cost of the expensive converter stations is offset by the lower cost of the
transmission line.

• Long-distance transmission In AC systems, a number of technical
challenges arise when the transmission distance increases. In overhead
line systems, voltage control becomes an issue: with long lines, compensation
is needed, which can give rise to new problems, such as subsynchronous
resonances [38], a phenomenon in which the resonant frequency of turbine
generator shafts coincides with a natural resonant frequency of the power
system. In a high voltage cable connection, the transmission distance is a
limiting factor due to the charging current, which increases with increasing
voltage. At high voltages, this charging current can even prevent the cable
from carrying active power.

• Cable connections The absence of this steady-state charging current
makes that DC power, contrary to AC power, easily allows to use cables at
high voltages. This makes HVDC connections particulary feasible for subsea
interconnections. It also yields advantages from a permitting perspective,
since less resistance is to be expected from the public when installing cable
systems instead of overhead lines.

• Transmission line losses In an AC line, the current density in the
conductor is unequally distributed as an AC current has the tendency
to primarily flow near the conductor surface. This “skin effect” results in
a higher line resistance for AC currents compared to DC currents, which
do not suffer from this unequal current distribution. Furthermore, DC lines
only carry active power, contrary to AC lines where also reactive power adds
up to the total line loading. These two factors make that line losses are
lower for DC transmission for similar power and voltage ratings.

• Enhanced controllability In a DC link, the power through the line
is fully controllable. This controllability yields a number of advantages,
especially when the link is to be operated in the framework of a market-
oriented environment. Similarly, in a DC grid, the power injections at
different converters can be set independently. The controllability also opens
the possibility to use the link to provide auxiliary services, e.g. sharing of
primary reserves and power system damping.

• Asynchronous interconnections DC technology allows to interconnect
asynchronous systems that operate at the same or at a different frequency.

• Firewall for AC faults When properly controlled, a DC link provides an
isolation for faults occurring in one AC system by preventing them from
propagating to the other system.

It is clear from the above that DC technology especially yields advantages
when long-distance and submarine power transmission is considered. When
the transmission distance is small, the high investment cost for the converters
might not be offset by the lower investment cost for the transmission line. A
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Figure 2.1: HVDC system configurations.

similar reasoning holds for the overall system losses: the converter losses result
in higher overall loss figures for short connections. Furthermore, the complexity
of the converter stations results in a large number of components, which in turn
negatively impacts the reliability and availability of the overall transmission
scheme.

2.2.2 HVDC System Configurations

HVDC systems are classified as either monopolar or bipolar schemes. Fig. 2.1
shows the different configurations for a point-to-point link. A monopolar link
(Fig. 2.1a) is the base configuration. It uses only one conductor and has a
ground return path or a metallic return, yielding considerable cost reductions:
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the metallic return requires less insulation as it is at low voltage. A ground
return results in the highest cost reduction, but is not always allowed because
of perceivable problems related to metallic corrosion of objects in the vicinity
of the grounding electrodes.

A comparable scheme is the symmetric monopole (Fig. 2.1b). The symmetric
monopole uses two conductors with opposite voltage polarity and is only earthed
by means of a high impedance. Hence, no earth currents flow. The scheme has
primarily been used for VSC HVDC schemes.

As an alternative to monopolar transmission schemes, a bipolar scheme
(Fig. 2.1c) can be used. Similar to the symmetric monopole, the bipole as
well has a pair of conductors with opposite voltage polarity. However, the
bipolar scheme has two converters connected in series at each converter end and
the junction of the two converters is grounded, either at one point or possibly
at both ends. Under normal operation, the current in the two lines is equal
in magnitude and there is no ground current. However, the scheme can still
operate at half the power with the outage of one pole, increasing the overall
redundancy in the system. With similar power ratings to the monopolar scheme
from Fig. 2.1a, the conductors only carry half of the current.

2.3 Line-Commutated Current Source Converters

With new developments in semiconductor devices, the thyristor gradually
replaced the well-established mercury arc valves. Solid state switches have
several advantages. The major problem with the mercury arc technology were
arc-back faults, referring to a reverse conduction path in the valve caused by a
high inverse voltage across it. These arc-back faults do not occur in thyristor
valves. The first HVDC system using thyristor valves was the Eel River 320 MW
back-to-back scheme that was commissioned in 1972 [38].

Using thyristor valves, the voltage ratings can be easily increased by stacking
components while the current ratings could be increased by adding several
thyristors in parallel [39]. The introduction of thyristor valves opened up
possibilities to increase power and voltage ratings of HVDC transmission schemes.
Thyristors with a blocking voltage of 8.5 kV and current rating of 4 kA have
been developed [40]. Nowadays, thyristor-based DC transmission schemes with
ratings up to ±800 kV and 6.4 GW are in operation [41] and even higher voltage
and power ratings, up to ±1100 kV and over 10 GW, are under consideration [42].
The HVDC schemes discussed in this section are commonly referred to as Line
Commutated Converter (LCC) HVDC or alternatively Current Source Converter
(CSC) HVDC. The valves can be switched on, but need the current to pass
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Figure 2.2: CSC HVDC Graetz bridge.

through zero in order to switch off and therefore depend on the external AC
grid for commutation. The basic module for a CSC HVDC link is a three-phase
full-wave 6-pulse converter, also known as the Graetz bridge (Fig. 2.2). The
scheme can be used to transmit power in both directions. This is accomplished
by changing the firing angle of the thyristor, which in turn results in a voltage
polarity change of the link.

A monopolar CSC HVDC transmission scheme (Fig. 2.1a) is built using two
Graetz bridges interconnected at the DC side. The interconnection can take
the form of a back-to-back scheme, a cable, an overhead line or a combination
thereof. Alternatively, both ends can have a 12-pulse converter, which has two
Graetz bridges connected in series and connected by a three-winding transformer
with a wye (Y) and delta (∆) connection at the AC side. Both 6-pulse and 12-
pulse schemes can be connected in series, with the midpoint grounded, resulting
in a bipolar transmission scheme (Fig. 2.1c).

As a result of the operating principles – the thyristor valves only start conduction
when triggered – and the commutation between two phases, which introduces an
additional current lagging, the converters inherently absorb reactive power. This
number can add up to 50 – 60% of the converter power rating. The reactive power
absorption also depends on the thyristor firing angle and thus the operating
point. The least expensive way to compensate for the reactive power is to
provide reactive compensation by means of switchable capacitor banks which
are partly already present in the form of selective filters. Alternatives include
the use of a static var compensator (SVC), a nearby generator or a synchronous
condenser.
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The current source converter introduces a significant amount of harmonics, both
at the AC and DC side. These harmonics have to be filtered in order to prevent
them from entering the system and from causing a distortion of the voltage
waveform. At the AC side, usually a combination of tuned filters is used. The
penetration of the harmonics in the transmission system depends, amongst
others, on the equivalent network impedance, which can vary due to changing
overall operating conditions in the AC system. When using a 12-pulse rectifier,
the 5th and 7th harmonics (and multitudes thereof) are canceled out due to
the 30o phase shift introduced by the secondary Y–∆ connection of the three-
winding transformer. Though these harmonics are prevented from entering the
grid, the harmonic currents flow within the converter transformer, that has to be
specially designed to cope with the resulting voltage stresses and losses. At the
DC side, a distinction is made between characteristic harmonics determined by
the pulse number of the converter, and non-characteristic harmonics caused by
AC side unbalances [34]. The DC side harmonics are reduced by the smoothing
reactor Ldc (Fig. 2.2) and filters.

Another problem with LCC HVDC is the susceptibility to commutation failures.
The CSC HVDC scheme operates by commutating the current from one phase to
another. A commutation failure refers to the situation in which the commutation
voltage, the driving force for the commutation, reverses before the current is
commutated from one phase to another. As a result, the valve that was
previously conducting the current continues to conduct. This creates a short
circuit at the DC side, which prevents power transmission during a commutation
fault. Commutation failures are more likely to happen in inverter mode and the
conditions also depend on the external grid (e.g. low voltage) and operating
point (e.g. high DC current value). Commutation faults are not rare in CSC
HVDC systems and occur for any AC fault that causes a sudden phase shift or a
voltage drop of more than about 0.15 p.u. at an inverter terminal [43]. Though
commutation failures are a common phenomenon in LCC HVDC schemes, a
number of subsequent commutation failures may force the scheme to trip [44].

One of the main disadvantages of the LCC HVDC scheme, however, is the
need for a relatively strong AC system, commonly expressed in terms of the
short circuit ratio (SCR) at the point of common coupling (PCC). The SCR
provides an indication of the inherent strength of the AC system. Amongst
the problems that can occur in low SCR systems are dynamic overvoltages,
voltage instability, harmonic resonances, voltage flicker and more commutation
failures [38]. To overcome the problems at low SCR, an alternative scheme,
called Capacitor Commutated Converter (CCC), was developed. The scheme
includes a series capacitor between the valve and the converter transformer [45].
One of the main disadvantages, however, is that the series capacitances increase
the insulation costs of the valves. The scheme has therefore only been applied
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in back-to-back links, where the voltage ratings are much lower. The concept
has been applied in the Garabi back-to-back connection between Argentina
and Brazil [46] and will be applied in a back-to-back configuration in the Rio
Madeira HVDC System [47].

CSC HVDC is a mature technology, and is primarily used for long-distance
transmission of bulk power and the interconnection of asynchronous systems.
One of the main disadvantages, however, is the relatively cumbersome extension
of the operation principles to a multi-terminal system, as discussed in greater
detail in chapter 3.

2.4 Forced-Commutated Voltage Source Converter

The development of the Insulated Gate Bipolar Transistor (IGBT) for high
power applications in the 1990s opened up new possibilities for HVDC. The
IGBT, a development from Metal-Oxide-Semiconductor Field Effect Transistor
(MOSFET) technology, has a low conduction loss and a high switching speed.
The IGBT behaves like a bipolar transistor, but has a structure similar to a
thyristor [45]. Other switching devices with similar properties exist, but there
is little enthusiasm amongst manufacturers to develop these further, due to the
perceived advantages of the IGBT [48]. At present, IGBTs with voltages up to
6.5 kV and currents up to 3.6 kA are available. The technology now reaches
1200 MW and ±500 kV and links with ratings up to 400 MW and ±300 kV are
in operation. Links with ratings up to 1 GW and ±320 kV are in the planning
and construction phase at the time of writing. The Skaggerak 4 project, a
500 kV VSC conceived as an extension to an existing LCC link, is planned to be
operational in 2014 [49]. The ratings are thus still lower than what is currently
available for CSC HVDC, but can be expected to increase significantly in the
coming decades.

Contrary to thyristors, IGBTs can be switched both on and off, making them well
suited to be used in voltage source converters. VSC technology was originally
developed for electrical motor drives, where they have been used to control
the speed of induction machines and synchronous machines. Voltage source
converters for HVDC were only introduced at the end of the 1990s which makes
them relatively new compared to their CSC counterpart. The first scheme was
the experimental Hellsjön – Grängesberg system, comprised of two two-level
converters with ratings of 3 MW, ±10 kV and an overhead line [50]. The first
commercial project, commissioned in 1997, was a connection on the island of
Gotland in Sweden, with ratings of ±80 kV and 50 MW [51].
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Figure 2.3: VSC HVDC scheme.

Since the IGBTs are forced-commutated, no external grid is needed to commutate
against in a VSC scheme. This yields a number of advantages for VSC HVDC
over CSC HVDC technology:

• Connection to weak systems VSC HVDC can be used to connect to
weak or even passive systems2. This feature makes VSC ideally suited
for connecting offshore wind farms. In case of an LCC HVDC link, the
offshore converter requires an external voltage to commutate against, which
calls for all but trivial technical solutions. The commutating voltage has
to be supplied by e.g. a synchronous condenser or a static synchronous
compensator (STATCOM) [52,53].

• Reactive power control Contrary to CSC HVDC, which constantly
consumes reactive power, VSC HVDC can independently control the active
and reactive power within the limitations of the converter. In a VSC HVDC
transmission scheme, the reactive power can thus be controlled independently
at both converter stations.

• Ancillary services The VSC can be controlled to provide a variety of
ancillary services, such as reactive power support, black start capabilities
[54,55], flicker mitigation and unbalanced voltage compensation [56].

A typical VSC HVDC converter station is shown in Fig. 2.3 and consists of the
following components:

• Converter The voltage source converter itself is an active component that
converts the DC side voltage to an AC voltage of an arbitrary size and shape
by switching the IGBTs.

• Phase reactor The phase reactor is essential to the operation of the VSC.
The control schemes switches the IGBTs as to control the complex current

2Although first claimed to be a trivial task, a connection to a very weak AC system can
also introduce problems with VSC HVDC, especially under fault conditions, as discussed in
great detail in [44].



FORCED-COMMUTATED VOLTAGE SOURCE CONVERTER 19

us,a

us,b

us,c

La ic,a

Lb ic,b

Lc ic,c

uc,a

uc,b

uc,c

Cc,dc

Cc,dc

idc

2udc

Figure 2.4: Two-level voltage source converter.

through the phase reactor, thereby controlling the active and reactive power.
• Filter Since high frequency switching of the converter only introduces

high-order harmonics in the voltage waveform, these harmonics can easily be
removed by a low-pass filter filter. Compared to CSC HVDC schemes, the
filter duties in VSC HVDC transmission are relatively low due to the absence
of low order harmonics. As a consequence, much smaller filter installations
are needed.

• Converter transformer Other than in CSC HVDC, the VSC transformer
is not exposed to low order voltage harmonics. This allows for a simpler
design, similar to regular power transformers. The VSC transformer is
usually equipped with tap changers that are used to optimize the filter bus
voltage magnitude with respect to the AC grid side voltage.

2.4.1 VSC Technology

Converter

The first generation of VSC HVDC schemes, which became commercially
available as “HVDC Light” by ABB [51], was based on a two-level converter
topology (Fig. 2.4). In order to cope with the high voltages, each converter
valve, simplified in Fig. 2.4 to only one switching component, in reality consists
of a multitude of series-connected IGBTs and their anti-parallel diodes. This
series connection yields a number of challenges from a voltage balancing point
of view: when fired, all stacked IGBTs should ideally start conducting at the
same instant. If not, the IGBTs that start to conduct later are stressed to a
high extent.
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Figure 2.5: Three-level neutral-point clamped voltage source converter.

The well-known Pulse Width Modulation (PWM) technique is used to make a
sinusoidal waveform at fundamental frequency. The PWM technique basically
connects the output voltage either to the positive or negative DC voltage. By
varying the width of the pulses during which the converter voltage is connected,
a high frequency voltage signal is synthesized, containing the fundamental
frequency voltage signal as shown in Fig. 2.8a. Though IGBTs have relatively
low conduction losses, the PWM switching at a frequency of about 1 kHz results
in relatively high switching losses. Whereas fundamental-frequency switched
CSC HVDC schemes are characterized by loss figures in the order of magnitude
of 0.8 %, the first generation of VSC HVDC schemes yielded losses that were a
multiple of those of CSC schemes, adding up to 3% per converter station. The
subsequent innovations in the converter topologies have mainly been aiming at
reducing the losses [57,58]. Different alternative schemes have been developed
and presented [59–61], but for application purposes, only the two-level converter,
three-level Neutral-Point Clamped (NPC) converter and the Modular Multilevel
Converter (MMC) concept have been of interest.

The second generation of commercially available schemes used a three-level
converter with active neutral-point clamping, depicted in Fig. 2.5. Two diodes
are inserted in each phase, clamping the voltage to half the DC voltage. Thereby,
these diodes provide a third voltage level to switch between, without altering
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the number of switches. Fig. 2.8b shows the corresponding switching pattern.
The use of a third voltage level yields a lower voltage per switching and hence a
lower switching frequency per component. As a result, the converter losses were
reduced from 3% per converter station down to 1.7%. Later, new two-level VSC
HVDC schemes with improved IGBTs and a lower switching frequency were
developed, yielding slightly lower loss numbers. Addition of a third harmonic
signal to the fundamental frequency modulator increased the voltage output
and thereby the power rating of the converters. A technique referred to as
Selective Harmonic Elimination Modulation (SHEM) or optimal PWM (OPWM)
was introduced to eliminate specific harmonics in the output voltage [52].
Theoretically, the three-level NPC scheme could have been extended to a
generalized multilevel topology, but for high voltage applications this has a
number of disadvantages in terms of insulation needs for the converter valve.
Therefore, the concept has not been extended to levels higher than three.

The introduction of so-called modular multilevel converters, first introduced
as a new class of converter topologies for various applications [62, 63] and
later adapted for HVDC [64, 65], gave rise to various new VSC topologies
for HVDC transmission. Different implementations of this cascaded concept
are commercially available, respectively marketed as “HVDC PLUS” [66] by
Siemens, “HVDC Light Gen. 4” [58, 67] by ABB and “HVDC MaxSine” by
Alstom Grid [68]. Fig. 2.6 shows the modular structure of the MMC scheme.
The basic concept of these cascaded multilevel topologies is to stack a number of
submodules (SM) from Fig. 2.7. All commercially available MMC VSC HVDC
converters at the time of writing, use the half-bridge module from Fig. 2.7a,
which consists of two converter valves and a capacitor. Different from the
earlier topologies, the MMC topology no longer has a common DC capacitance,
but includes a distributed capacitance along the valve stacks instead. Each
half-bridge submodule has two switches which can be switched in the following
ways:

• Inserted: S1 is switched on and S2 is switched off.
• Bypassed: S1 is switched off and S2 is switched on.
• Blocked: both S1 and S2 are switched off.

The resulting waveform can be built in a stepwise manner (Fig. 2.8c). With a
high number of submodules, the use of PWM can thus possibly be abandoned.
The resulting voltage contains a much lower amount of high-order harmonics,
compared to the two-level and three-level topology. For a high number of
submodules, the AC filter is therefore reduced significantly or even eliminated.

In MMC HVDC converters, the voltage level of each module typically is in the
order of magnitude of some kilovolts (single IGBT voltage) and the number of
modules per converter arm is about a few 100, resulting in a switching frequency
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Figure 2.6: Modular multilevel converter scheme.

of only 150 Hz per submodule [69]. As a result, the converter losses significantly
decreased due to the introduction of the MMC topology: coming from 3% per
converter station in the earliest two-level schemes, the losses have dropped to
about 1%, which is in the order of magnitude of the loss figures for CSC HVDC
schemes.

Whereas the technological challenge in the two-level topology primarily arose
from the switching synchronization, the MMC concepts prove to be rather
challenging from a design and control perspective as they involve balancing
of the individual cell voltages. The relatively simple main circuit design also
allows industry-standard IGBTs to be used, since the IGBTs are no longer
connected directly in series. The downside of the MMC topology is that the
number of IGBTs doubles compared to the two-level topology, since only one of
the switches of each submodule contributes to the phase voltage. Similar to the
two-level topology, faults on the DC side cannot be cleared by any converter
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Figure 2.7: MMC building blocks: (a) half-bridge and (b) full-bridge submodule.

action: although one can block the IGBTs, this only stops the current from
flowing in one direction since the inverse diode connected in parallel to each
semiconductor switch cannot be switched off. As a result, the VSC starts to
behave as an uncontrolled diode rectifier and the current can only be interrupted
by AC breaker actions.

In recent years, different alternative MMC-based converter topologies have
been presented [70]. Alternatively to half-bridge cells, full-bridge modules
could be used. The full-bridge topology (Fig. 2.7b) yields the advantage of
providing DC fault blocking capability. The downside is that the number of
switches is fourfold that of the standard two-level topology. Other options
to use full-bridge submodules include a combination of the stacked two-level
topology from Fig. 2.4 with a wave-shaping circuit built out of a number of
series-connected full-bridge submodules. The wave shaping circuit can either
be included in series in the converter arms [71] or at the AC side of the two-
level converter [72]. Alternatively, the wave shaping circuit can be connected
in parallel with a full-bridge topology per phase [73]. At this moment, the
circuit with wave-shaping circuits in the converter arms, in series with a typical
two-level valve, is considered as a future concept for a second generation of
MMC HVDC converters by at least one manufacturer [68]. Since this converter
topology contains full-bridge modules, it can control the current flowing into
faults at the DC side [71].

Cables

As described earlier, one of the advantages of DC technology is that, contrary
to AC technology, the transmission length does not pose a restriction on the
use of underground cables. The unidirectional polarity of the DC voltage in
VSC HVDC transmission allows to use cross-linked polyethylene (XLPE) cables,



24 HIGH VOLTAGE DIRECT CURRENT TECHNOLOGY

0 10 20 30 40 50 60
−1

0

1

time t (ms)

u
c
,a
/
u
d
c
(–
)

(a) Two-level converter (PWM)

0 10 20 30 40 50 60
−1

0

1

time t (ms)

u
c
,a
/u

d
c
(–
)

(b) Three-level converter (PWM)

0 10 20 30 40 50 60
−1

0

1

time t (ms)

u
s
,a
/u

d
c
(–
)

(c) Modular multilevel converter (6 submodules per arm)

Figure 2.8: Switching pattern for different converter topologies.

which are less expensive compared to mass-impregnated (MI) cables. CSC
HVDC typically uses MI cables, since the cables have to cope with voltage
polarity reversals when the power direction reverses. Standard XLPE cannot be
used for HVDC transmission since space charges accumulate in the insulation as a
result of the direct voltage. These accumulations would give rise to uncontrolled
high peaks in the electric field distribution inside the insulation [74]. Therefore,
special extruded XLPE has been developed for HVDC transmission. XLPE has
a number of advantages over MI cables [39]:

• XLPE is lighter and has a smaller bending radius. This results in easier
transport, more flexible routing and easier installation.
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• XLPE is a solid insulator. There is no risk of oil leakage, making a joint for
XLPE cables much easier and cheaper than for MI cables.

At the time of writing, XLPE cables are offered for operating voltages up to
±320 kV and MI cables up to 500 kV are in operation. Also MI cables can be
used with VSC HVDC technology, but consequently the advantages of using
XLPE cables are lost. According to a cable manufacturer survey conducted
in the framework of the CIGRÉ working group B4.52 “DC Grid Feasibility
Study”, both MI and XLPE voltage ratings are expected to increase further in
the coming years and decades. Some manufacturers claim that XLPE cables
with voltages up to 500 kV or higher will become available in 5-15 years [25].

Alternatively, overhead lines can be used for VSC HVDC, but overhead line
systems are more prone to DC faults, which can occur in such systems as a
result of e.g. lightning flashovers. Since most converter topologies cannot block
fault currents flowing into the DC side in such a situation, these faults have to
be cleared by means of the AC breakers, given that DC breakers are not yet
available. So far, the Caprivi link, interconnecting Namibia and Zambia [75] is
the only VSC HVDC link built using overhead lines. Also the Sydvästlänken
project in Sweden will partly use overhead lines [76].

2.4.2 VSC Control

Power Control Principles

A VSC can independently control its active and reactive power injection to
the grid. The basic working principles can be explained by the well-known
expressions for active and reactive power

Ps = UcUs sin δc
Xc

, (2.1)

Qs = −U
2
s + UsUc cos δc

Xc
, (2.2)

representing the VSC as a complex AC voltage U c = Uc∠δc behind a reactance
Xc and connected to the grid with a voltage Us = Us∠0. The indices s and c
respectively refer to the AC grid side (PCC) and the converter side. Fig. 2.9
shows a simplified VSC representation that is generally valid for the purpose
of explaining the steady-state working principles of a VSC converter. Also
with the filters and converter transformer included, these general considerations
remain unchanged. From (2.1) – (2.2) it follows that the active power Ps is
primarily linked with the voltage angle δc whereas the reactive power Qs can be
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primarily influenced by the voltage magnitude Uc. This reactive power control is
shown in Fig. 2.10. When the converter side voltage magnitude Uc exceeds the
grid side voltage magnitude Us (Fig. 2.10a), the converter current Ic lags the
system voltage Us. The grid is thus seen as a pure reactance by the converter
and reactive power is delivered by the converter. The opposite holds when the
converter current Ic leads the system voltage Us (Fig. 2.10b): reactive power
is absorbed by the converter. In the previous examples, no active power was
exchanged with the grid. The active power can be changed by altering the angle
between Us and U c. For example, Fig. 2.11 represents a converter in inverter
mode generating reactive power.

The fact that the converter voltage angle and magnitude are closely related to
respectively the active and reactive power, can be used in a control scheme,
referred to as direct control [77] or power-angle control [44]. The voltage
magnitude can be directly influenced by altering the modulation index, which
determines the converter voltage peak value with respect to the DC bus voltage.
Similarly, the angle difference between converter voltage and grid side voltage
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can be determined by using a Phase-Locked Loop (PLL), which ensures that
the VSC is synchronized with the AC system.

Although the working principles of a VSC are relatively easy to explain using
the principles of power control, a control directly based on the relation between
voltage angle and magnitude on the one hand and active and reactive power
on the other hand has never been applied in real schemes, since it suffers from
two problems [44]: First, the controller has no means to damp resonances in
the AC system. Second, the control system is unable to control the converter
currents since these are not used as control variables.

Vector Control Principles

The vector control, a control strategy that has also successfully been applied
in motor drives and other applications, has become the de-facto standard
for controlling a VSC HVDC link. With this control, the converter currents
are directly controlled in a synchronously rotating dq-frame. In this work,
the q-axis has been aligned with the grid side voltage (Fig. 2.12). us, uc
and ic represent the time-varying space phasors of respectively the grid side
and converter voltage and the converter current. The αβ-frame in Fig. 2.12
is a stationary orthogonal reference frame, in which the space phasors thus
appear as alternating quantities at fundamental frequency under steady-state
conditions. By applying a coordinate transformation to a synchronously rotating
dq-reference frame, all phasors are at standstill, meaning that constant values
are obtained in steady-state, which is very practical from a control perspective.
Each phasor can thus be written as a complex sum of the orthogonal d- and
q-components, of which one is aligned with the grid voltage whilst the other is
perpendicular to it.
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Whereas the relation with the voltage magnitude and angle from the previous
section is less straightforward, this approach yields the advantage that, when
aligning the grid side voltage with one of the axes, the two current components
are directly linked to the active and reactive power. The converter voltage
components ucq and ucd are thus respectively used to control icq and icd, i.e.
the active and reactive current components. In order to obtain a fully-decoupled
control of the d-and q-components, so-called decoupling control paths have to be
added to avoid any influence of the active current order on the reactive current
(or vice versa). As with the power-angle control, a PLL is used to synchronize
the grid side and converter voltages.

In a point-to-point link, these two degrees of freedom can be used to
independently control active and reactive power at each terminal. Since a
power balance has to be maintained, one converter controls the active power
whereas the other controls the DC voltage. The reactive power component
can either be used to control the reactive power to a given setpoint value, or
alternatively, to keep up the AC voltage.

Alternative Control

One of the alternative control approaches for VSC is hysteresis control, as
e.g. used in motor drives and grid-connected low voltage converters. Since
the currents (or related quantities) are directly tracked, this control method
allows for a very fast control of the current. One of the inherent drawbacks,
however, is the fact that the switching frequency is not constant, which makes
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the filtering more challenging and which could be an issue from the point of
view of the system losses.

VSC HVDC are normally controlled using the vector control described in
the previous section. Although it is sometimes taken for granted that VSC
HVDC does not pose any limitation with respect to the short circuit power
as CSC HVDC does, challenges arise when a connection to very weak systems
is considered [78–80]. One of the main problems arises from the fact that the
filter bus becomes more sensitive to power variations of the DC link. In [44], a
so-called power synchronization control has been developed to overcome these
difficulties. This control mimics the behavior of a synchronous machine and
avoids the use of the PLL, as the dynamics related to the PLL were found to
have a negative impact when connected to a weak AC system.

The PLL also behaves erratically when the three-phase voltages are no longer
balanced or abruptly change, e.g. under short circuit conditions or (unbalanced)
voltage dips. The zero-sequence voltages in the AC system cannot pass the
converter transformer, which is usually connected as a Y–∆. However, the
negative-sequence components create unbalanced converter currents and a DC
voltage ripple at twice the fundamental frequency [81]. This can be mitigated
by adding a negative-sequence current controller [82].

Additional controls can also be added to support the AC system, examples of
which are frequency control [83,84] or a power oscillation damping controller
[85–87].

2.4.3 VSC HVDC Applications

System Reinforcements

In the past, VSC HVDC has primarily been used to interconnect non-
synchronized zones. Apart from facilitating a market-oriented cross-border
trade, the links can for example also be used to share frequency reserves, to
provide a fast inertial response when the frequency drops in one of the non-
synchronized zones, thereby behaving as a AC generator, or to provide power
oscillation damping.

As of recently, VSC HVDC links are also being planned for grid extensions as
embedded links in one synchronous system, an application that previously had
been reserved for AC technology. This evolution can be partly explained by
the technical advantages VSC HVDC offers in terms of AC system support,
but also by the increasing public opposition TSOs are facing when it comes to
building new overhead transmission lines. Recent examples of such projects in
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Europe are the Spain-France interconnection, the Alegro link between Belgium
and Germany and the Swedish Sydvästlänken.

Offshore Wind

VSC HVDC is the preferred technology when a far offshore wind farm has to
be connected with the mainland grid. Apart from the economic benefits, which
become more apparent with increasing transmission distance [88], the use of a
VSC HVDC connection to offshore wind farms opens up new possibilities with
respect to the control of the wind farm. The introduction of VSC HVDC also
raised research interests in using DC at lower voltages inside the wind farm [89].

A different control method has been proposed for offshore wind farm converters.
When connected to an existing AC system, a PLL is used to position the
controlled quantities with respect to the system voltage. However, since the
wind farm grid is a so-called passive network, the grid voltage has to be
synthesized by the converter itself. Therefore, the offshore VSC is controlled as
a constant voltage source, with a constant amplitude and frequency [90]. The
VSC is thus seen by the wind park as an infinite bus system. This means that
the converter takes up all the power coming from the offshore wind farm, within
its power capabilities.

As the VSC HVDC link provides a decoupling between the offshore system
and the mainland grid, the voltage magnitude and frequency of the offshore
wind farm can also be varied. A variable frequency operation holds several
advantages: the frequency and voltage magnitude can for example be optimized
with respect to the system losses or the wind farm yield [91] and it is possible to
control the speed of the wind turbines by varying the frequency of the offshore
grid. The variable frequency operation thus opens perspectives for reconsidering
the older Fixed Speed Induction Generator (FSIG) as an alternative to the more
expensive Doubly-Fed Induction Generator (DFIG) or Direct-Drive Synchronous
Generator (DDSG). Alternatively, the variable frequency could be used to
downsize the rotor-side converters in a DFIG topology, since the variable speed
operation already results from the variable grid frequency. Smaller rotor-side
converters could then be used to allow for individual speed variations around
the setpoint speed related to the variable frequency of the wind farm VSC.
In [92], it has been investigated how a multitude of wind turbines connected in
a single offshore grid can be operated using a variable frequency. The variable
frequency operation could also be used to provide frequency support by the
wind farm. This can be achieved by mirroring the onshore AC frequency to the
offshore wind farm grid, possibly by modulating the DC link voltage [93].
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A challenge arises from the fact that the power needs to be quickly reduced
under AC system faults. The standard solution is to include a DC chopper
circuit at the wind farm converter [94], which dissipates the energy during an
onshore grid fault. Other options include a dynamic control of the offshore
grid voltage to enhance the fault ride-through capability during a fault in the
onshore grid [95]. However, voltage reductions that are too fast can lead to high
converter currents and damage the offshore converter. Other options include
the use of a power-frequency control [96], where the offshore grid frequency is
controlled to limit the power during faults. A disadvantage of this method is
that it might give rise to strong undesired power fluctuations [97].

At the moment of writing, the BorWin1 wind farm VSC HVDC connection, a
200 km cable connection to an inland substation at 75 km from the German coast
with ratings of 400 MW and ±150 kV, is the only one built so far. More links
to offshore wind farms, amongst which the DolWin1 link (800 MW, ±320 kV),
are under construction and in the planning phase.

2.5 Conclusion

In this chapter, a brief history on DC power transmission and a technological
overview have been given, primarily focusing on VSC HVDC technology. It can
be concluded that VSC HVDC technology provides significant advantages over
the CSC HVDC technology, which make it a preferred technological candidate
for the interconnection of weak AC systems and the connection of wind farms.
Recent evolutions in the converter topologies yield lower losses, which have
been considered to be a major drawback of VSC technology for many years. At
the moment of writing, the ratings of VSC HVDC are still considerably lower
than those of CSC technology, although it is expected that the gap will further
reduce in the future.





Chapter 3

Multi-terminal HVDC and
DC Grids

3.1 Introduction

Since the introduction of HVDC, engineers have been looking into the possibility
of extending the technology to multi-terminal schemes. However, the working
principles of CSC HVDC technology hamper a straightforward extension to
MTDC systems. It is only fairly recent, due the introduction of VSC HVDC,
that new interest has risen to build MTDC systems. This chapter provides
an overview of MTDC systems and DC grids and starts with outlining the
differences between what can be considered as MTDC systems on the one
hand and truly meshed DC grids on the other hand. Thereafter, the existing
CSC-based MTDC systems are discussed, together with the specific drawbacks
of the technology when extending the operating principles to MTDC. The
major part of the chapter discusses VSC HVDC technology, its use in MTDC
systems, the ability to build truly meshed DC transmission grids, as well as the
state-of-the-art research and the challenges that still need to be solved to make
DC grids feasible.

3.2 DC Grid Layout

Fig 3.1 shows different topologies for connecting multiple nodes in an AC system
by means of DC transmission. The term multi-terminal is generally used to

33
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Figure 3.1: Different grid topologies for hybrid AC/DC systems [98].

describe any DC system with more than two converters interconnected at the
DC side. On the contrary, it is not exactly clear what topologies are included
and excluded when using the term DC grid. A first option, shown in Fig. 3.1a,
is to build a MTDC system with tappings. All existing three-terminal CSC
HVDC schemes are of this nature and also similar VSC HVDC links are planned.
While this topology yields cost reductions compared to point-to-point links, it
can hardly be argued to be a true DC grid, as it has no redundancy in the
DC system. A second option is to build a grid of DC lines, shown in Fig. 3.1b,
where each DC link is connected to the AC system by a converter at both ends,
which has the advantage of having full control over the power flow in each DC
connection. The DC links can be either CSC or VSC technology and can also
have different transmission voltages. Since the number of converters is twice
the number of links, it is expensive. A third option, shown in 3.1c, is a meshed
DC grid. This topology is redundant in the sense that the power can flow via
different paths in case of a line outage. The system from Fig. 3.1a could be a
first step towards a meshed DC grid, whereas the system from Fig. 3.1b cannot
be considered as a meshed DC grid. In the remainder of this thesis, the major
focus is on meshed DC systems, although the developed tools are also applicable
to MTDC schemes with tappings (Fig. 3.1a).

A DC grid, like two-terminal DC schemes, can be built using an asymmetric
monopolar, a symmetric monopolar or a bipolar configuration, described in
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Figure 3.2: Quebec – New England MTDC scheme [101].

Section 2.2.2. It is also possible to consider a combination thereof, i.e. a bipolar
backbone with (symmetric or asymmetric) monopolar tappings [99].

3.3 Current Source Converter HVDC

Although CSC HVDC technology has been in operation for over 50 years,
the majority of the schemes have initially been conceived as point-to-point or
back-to-back connections. The successful operation of existing schemes made
engineers consider MTDC systems, e.g. as an extension to existing two-terminal
schemes, since MTDC allows to fully use the technical and economic advantages
of the DC technology. The interest in CSC MTDC schemes was at its peak
in the 1980s, but despite the interest from industry, only two multi-terminal
schemes are in operation so far.

The first CSC MTDC system, the SACOI (Sardinia-Corsica-Italy) scheme, was
originally built in 1965 as a ±200 kV and 200 MW two-terminal scheme between
the Italian mainland and the island of Sardinia. In 1988, a third converter
station with power ratings of 50 MW was added in Corsica, making the scheme
into a MTDC system with a parallel tapping towards Corsica. In 1992, the
rating of the scheme was increased to 300 MW. The power flow direction at
the Corsica station can be changed by means of fast-acting polarity reversal
switches [100].

The other CSC MTDC scheme in operation is the Quebec-New England scheme
with ratings of ±450 kV and about 2000 MW per terminal (Fig. 3.2). The initial
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aim was to extend the two-terminal scheme between Des Cantons in Quebec
and Comerford in New Hampshire commissioned in 1986 into a five-terminal
MTDC scheme with the addition of three terminals. However, the original
link was never integrated into the three-terminal scheme because of anticipated
performance problems [45]. Hence, no CSC MTDC scheme with more than
three terminals has been built so far.

At the moment, a four-terminal system, the North-East Agra link, with ratings
of ±800 kV and 1500 MW per converter and a continuous overload capability
up to 2000 MW per converter, is planned in India [102].

A classification of CSC MTDC is made based on the connection scheme:

• Constant current series scheme
• Constant voltage parallel scheme

Alternatively, a hybrid scheme consisting of both parallel and series converters
can also be conceived.

In a series-connected scheme, the same DC current flows through all converters.
The voltage rating of a converter in the series scheme is thus proportional to the
power rating. The scheme is only grounded at one point, which makes insulation
coordination complex and expensive. The advantage of the series-connected
scheme is that the power can be reversed at any converter without the need for
mechanical switching actions. Disadvantages are that a line fault causes the
interruption of the entire system and that the schemes are not well suited for
future extensions.

All CSC MTDC schemes in operation so far are parallel, radial schemes, where
the converters operate at a common DC voltage. When the power rating
of the third converter, which can be considered as a tapping, is relatively
small compared to the main transmission scheme, the relative cost of the third
converter is quite high because of the high system voltage and low currents,
which put constraints on the thyristor selection. As a power reversal in a
CSC HVDC scheme is accomplished by changing the voltage polarity while the
current polarity is fixed, a power reversal at one particular converter can only
be realized by means of mechanical switching actions. Another problem is that
commutation failures at any terminal bring down the DC voltage, which draws
currents to the faulted converter. The recovery after a commutation failure is
therefore more time-sensitive and depends on the AC system strength at the
faulted converter terminal. If, however, a very fast-acting DC circuit breaker
could be installed, this one would allow to interrupt the rising current during a
commutation failure [25].

Clearly, the specifics of the CSC technology only allow for an extension of the
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technology to MTDC schemes with a limited number of terminals. Realizing a
meshed DC grid with a large number of terminals is therefore not practically
feasible.

3.4 Voltage Source Converter HVDC

Contrary to CSC HVDC technology, VSC HVDC allows a relatively
straightforward extension of the operational principles to meshed DC grids. VSC
does not suffer from the drawbacks of CSC technology, such as the unavoidability
of commutation failures and the strong dependence of the performance on the
AC system strength. The main advantage is that with VSC HVDC, no voltage
polarity reversal is needed when the energy flow changes direction, whereas
this is a prerequisite in CSC schemes due the fixed current direction in the
converters. Consequently, VSCs can relatively easy be connected in parallel.

The extension to a MTDC scheme with a small number of converter terminals
comparable to the CSC MTDC schemes in operation is relatively straightforward
as similar operation principles can be applied:

• Power flow and DC voltage control In existing two-terminal systems,
one converter controls the active power, whereas the other controls the DC
voltage1. Adding a third terminal, for example, this operation principle can
be easily extended by controlling this converter as a constant power injection
as well.

• System protection In a two-terminal scheme, a fault on the DC side is
cleared by operating the AC side breakers, thereby interrupting the current
flowing through the converters. An outage of the entire DC system might be
acceptable in case of a relatively small three-terminal system, but is out of
question for large meshed systems. If taking down the DC system is allowed,
methods such as the one presented in [103] can be used, where the entire
DC grid is de-energized and switches are used to isolate the faulted line.
Afterwards, the exact fault location has to be located. For this purpose,
a method using traveling waves was developed in [104] for star-connected
networks.

One of the first links initially conceived as a VSC MTDC scheme is the Swedish
Sydvästlänken (Fig. 3.3). The scheme was planned to be built in two phases, as
two symmetrical monopoles in parallel with a total power rating of 2 × 720 MW

1Due to the importance of the DC voltage in the system, the DC voltage control in existing
schemes is duplicated in both converters to provide a backup control in case one converter
fails [44].
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Figure 3.3: Sydvästlänken project [105].

added per construction phase [76]. This would have resulted a radial three-
terminal system between Hurva, Barkeryd and Tveiten (Norway). Recently,
the addition of the “Western Link” between Barkeryd and Tveiten has been
canceled due to changed market conditions and the advent of other major grid
reinforcements in the neighboring Norwegian power system [29]. Other VSC
MTDC projects are being considered, but are not yet in the construction phase.

3.5 Technical Challenges

When a truly meshed DC grid is considered, a number of technical challenges
arise [25,43,98].

Power Flow and DC Voltage Control

Contrary to two-terminal schemes or MTDC schemes with a small number of
terminals, a DC grid ideally has a decentralized control of the DC voltage. Since
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a major part of the work presented in this thesis deals with the power flow and
DC voltage control in a DC grid, this challenge is dealt with separately in the
next section.

Fast-acting Fault Clearing

Unless the converter has blocking capabilities (as e.g. with full-bridge modules),
a DC fault is fed by the converters in the grid through the anti-parallel diodes.
Unlike AC systems, the fault currents are not limited by reactive line impedances,
which causes a steep rise of the current and a rapid decrease of the voltage.
Furthermore, the converters’ power electronics are not able to withstand high
overcurrents and must be protected. The interruption time of the breakers
needed to quickly interrupt such a current, has to be in the order of only a few
milliseconds. Unlike in AC circuits, there are no zero current crossings, which
makes breaking a DC current more difficult. At present, different concepts are
under development in research and industry. With the advent of a first hybrid
HVDC breaker [106], practical and reliable DC breakers can be expected in the
near future.

Grid Protection Coordination

The fast rising time of the DC short circuit current does not only pose challenges
on the design of the DC breaker, but is also challenging from the point of view of
the protection coordination. Furthermore, standard AC protection techniques
such as impedance relays cannot be used. The protection system should have
a number of requirements, such as a fast fault detection, small clearing times,
selectivity in opening only those breakers needed to extinguish the fault current,
and redundancy [107].

Fast rising times and high steady-state fault current values make that the
breakers have to operate on the rising slopes of the fault current, which is
hampered by reflections appearing at intersections and other places where the
characteristic cable impedance changes. New protection techniques have to be
developed, which can be combined with converter support during the fault, e.g.
by using full-bridge modules which can be blocked in case of a DC fault. One of
the options for such new techniques is to use wavelet transformations to detect
whether a line is faulted or not [108]. In [109], a differential protection strategy
is used. Challenges with differential protection result from the time delays
introduced: First, it might take longer for traveling waves to reach one cable
end than the other. Second, the measurements have to be sent to a comparator.
These factors make differential protection difficult in large-scale systems [107].
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Recently an alternative strategy has been presented in [110], which trips breakers
rapidly based on local measurements without discrimination and then recloses
the healthy circuits.

Communication Requirements

Communication will surely be required for the operation of the DC grid, but it
remains to be seen to what extent it is needed from the point of view of grid
control and protection coordination. The main challenge with communication
is that it introduces other failure modes, which is why it has been argued that
protection devices that are not relying on the communication in case of failure
of a communication link should be developed. The converter control can either
be based on local measurements only (e.g. voltage droop control based on a
local voltage measurement) or on a common signal that is communicated to all
converters in the system, as proposed under different forms in [111–113]. In the
latter case, a backup control based on local measurement (which could have
more relaxed control settings) needs to be present, in order for the scheme to
operate in case of a communication failure.

Other than the arguable communication needs for control and protection, a
slower communication is required to deal with off-line calculated setpoint values
and changes as described and developed in [114].

Multi-vendor Interoperability

Whereas current-day point-to-point VSC HVDC schemes are primarily developed
and designed by one single industrial player, a DC grid will require a multi-
vendor approach, allowing for different manufacturers to develop products
which can be connected to or installed in a DC grid. This poses challenges with
respect to the interoperability of different types of converters, from different
manufacturers, each with their own control strategy and/or implementation.
An easy integration and interoperability could be impeded by the fact that most
aforementioned aspects are subject to patents and protected designs, and that
usually, only generalized models are available, which do not necessarily fully
represent the actual converter layout and control schemes, since these are usually
not distributed. Such intellectual property considerations pose considerable
challenges with respect to the development of generic converter models. This
aspect also raises questions to what extent the control behavior and responses
to various grid phenomena can be standardized, without having full knowledge
of actual converter layouts, time constants and component values. This holds
especially with the introduction of new converter topologies such as the MMC,
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for which simplified models are currently still under development. For these
reasons, the issues related to multi-vendor interoperability might become key
challenges for a future DC grid to be controlled and operated in a reliable
manner.

Voltage Level Standardization

Another challenge arises from the definition of the voltage level of a DC grid.
In point-to-point connections, the selection of the link’s voltage level is usually
a result of an economic optimization taking into account the project’s specific
needs and the voltage levels supported by the manufacturers. In a DC grid, the
selection of the appropriate voltage level is less evident for different reasons.
The DC grid will not be built in one single round, and the selection of the
voltage level has to allow a stepwise development. When initiating the DC grid
by building point-to-point connections that can be interconnected afterwards,
the voltage levels should ideally be the same in order to avoid expensive and
lossy DC/DC converters. The selection of a system voltage is also hindered
by the fact that the available voltage and current ratings of XLPE cables
and VSC converters are not yet in the order of magnitude of the levels aimed
for when considering a DC overlay grid with higher ratings than the existing
infrastructure. However, the ratings might be sufficient to develop an offshore
grid and the use of DC overhead lines or MI cables would already allow higher
ratings in general. A more thorough discussion on the standardization needs in
a DC grid can be found in [25].

3.6 Modeling and Control Requirements

In an electric power system, different time constants ranging from microseconds
up to minutes and even days determine the dynamic system response. This
wide range introduces a number of challenges when it comes to modeling and
controlling transmission systems. Especially the introduction of power electronic
devices has proven to be rather challenging from a traditional power system
modeling point of view. Compared to the time scales involved in switching
devices, the traditional power system dynamics are very slow in nature. Fig. 3.4
shows a general classification of different dynamic phenomena and control
dynamics in AC and DC systems. A thorough discussion on the classification
of different AC power system stability phenomena and the time scales involved
is found in [115].
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Figure 3.4: Overview of AC and DC grid dynamics.

3.6.1 Modeling Classification

Including all time constants results in a very complex system to solve and is
usually only feasible for a system relatively small in size. Therefore, different
classes of power system programs have been developed.

A distinction is traditionally made between electromagnetic transient programs
(EMTP), electromechanical stability programs and steady-state power flow
programs. Each type of model has its own scope and applications with respect
to VSC HVDC systems. The EMTP approach allows to accurately represent
the switching dynamics and electromagnetic transients, but this modeling detail
comes at a high computational cost. The main merit is that the VSC HVDC
system as such can be represented in great detail, allowing to fine-tune control
parameters and to investigate, amongst others, a detailed representation of new
converter topologies [116], as well as higher-frequency interactions, possible
resonances with the local power system, DC fault analysis [117] and protection
strategies [108]. The high computational burden makes these switching models
less suitable for studies of large power systems. Furthermore, the models
require a detailed knowledge of the converter topology, often down to the
component level, which makes them all but generic. The major issue, however,
is that such models and data are often not available and contain proprietary
information since they can only be supplied by manufacturers of the equipment.
Alternatively, the converter model can also be simplified to an averaged model
for EMTP. Doing so, the converter is represented as a voltage source in each
phase producing a fundamental frequency sine wave.
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Electromechanical stability programs allow to simulate more complex power
systems by representing the AC power system by phasors, thereby neglecting
the electromagnetic transients in the AC network. By doing so, these programs
simulate the electromechanical transients in large systems as a result of the
interactions between the generators and the power system. When the modeling
of VSC HVDC systems is considered in this context, the description of the AC
system in terms of fundamental frequency phasors justifies an approximation
of the VSC by an AC voltage source of which the amplitude and phase angle
can be controlled. Although switching models reveal more details, simplified
and averaged models are well suited to study the VSC HVDC system control
response. Furthermore, these models are to a high degree independent of the
actual converter topology.

Contrary to the previous classes of programs, power flow algorithms only
represent the steady-state operation of the system after all transients have died
out. With respect to VSC HVDC systems, power flow models allow to study
the overall effect of converter outages and e.g. the effect of a distributed voltage
control on the AC and DC power flows, as dealt with later in this work.

Due to the introduction of the MMC concept, a number of challenges arose
with respect to converter modeling. Whereas two-level topologies are still
straightforwardly simplified for EMTP simulations by grouping all IGBTs in a
converter arm in one equivalent switch, the high number of stacked modules
makes full-detailed time domain simulations time consuming. Recent approaches
include a time-varying Thévenin equivalent approach [116], a continuous-variable
dynamic model, considering the sum of the capacitor voltages instead of the
individual capacitor voltages [118] and a continuous model including blocking
and deblocking behavior of the converter [119].

Another challenge relates to the modeling of interactions of the DC grid with the
existing AC grid. When both the detailed switching behavior of the converter
and the AC transient responses are of interest, an interface can be provided
between the switching model on the one hand and the transient stability program
on the other hand [120]. The VSC HVDC system can also be simplified for
electromechanical stability programs as described above. Alternatively, the
electromechanical stability program can be combined with an EMTP program
as in [121], where an averaged converter model, implemented in EMTP, was
combined with an electromechanical stability software. One of the key issues is
the interaction of the two types of software [122]. Challenges to this approach
relate to the representation of the nearby AC grid surrounding the converter
and the extent to which the AC and/or DC grid can be simplified so that the
models are still accurate enough to represent the dynamic AC/DC interactions
of interest.
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Figure 3.5: DC voltage control – Converter outage.

In the remainder of this work, the focus is on both power flow models, which
are developed in the framework of steady-state AC/DC system interactions,
and simplified dynamic models, which include the major DC grid dynamics and
are used to study the DC grid control.

• In chapter 5, a steady-state model for MTDC systems is developed.
• In chapter 6, the steady-state model is extended to include a distributed DC

voltage control.
• In chapters 7 and 8, dynamic models and controls, which build upon the

modeling approach presented in [123], are developed.
• In chapter 9, the DC system is modeled as a coupled power injection model.
• In chapter 10, a linearized steady-state model is presented to analyze the

influence of the DC grid layout and the control settings on the power sharing.

3.6.2 DC Voltage Control

The system voltage in a DC grid is usually attributed a role similar to the
frequency in an AC grid. Similar to the frequency, any power imbalance is
reflected in an increase or decrease of the DC system voltages. However, there
are two major differences when making this comparison:

• Whereas the AC frequency is a global measure that can be considered to
be almost the same in the entire interconnected AC system, the DC system
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voltage is different for all nodes in the DC network as a result of the resistive
voltage drops in the lines.

• As a result of the small time constants related to the energy storage in the
cables and capacitors (10–100 ms), the control of the DC voltage proves to
be challenging from the point of view of traditional AC system dynamics, as
observed from Fig. 3.4.

The absence of a substantial amount of energy storage elements equivalent to
the inertia in AC systems, makes DC voltage variations much faster than AC
frequency variations. These fast dynamics therefore result in quasi-instantaneous
converter setpoint changes when considered from a traditional AC system
stability perspective.

In essence, the voltage in the system only varies as a result of a current imbalance
in the DC system, which causes the cable capacitances and converter capacitors
to discharge in case of any deficit. This is schematically depicted in Fig. 3.5
for the outage of a converter that was injecting power into the DC system. For
the purpose of illustration, the voltage difference between different nodes in the
network has been left out. The arrows at the converter terminals determine
the power direction, i.e. converters 1 and 2 initially inject power into the DC
network (rectifier mode) and converters 3 and 4 extract power (inverter mode).
As a result of the power imbalance caused by the outage of converter 2, the
capacitances in the DC circuit (converter capacitors and cable capacitance)
discharge, which causes the DC voltage to drop. An opposite reasoning applies
in case of an outage of a converter in inverter mode, causing the voltage to rise.

Mainly two different control approaches have been suggested so far to limit
this DC voltage variation: voltage margin control and voltage droop control.
Whereas the former is a good candidate for relatively small MTDC systems, the
latter is preferred to be applied in DC grids because of its distributed nature as
explained below. A more thorough discussion on different DC voltage controlling
methods is presented in chapter 4. In chapters 5 and 7, the voltage margin
control has been implicitly assumed when presenting the MTDC steady-state
and dynamic modeling. In chapters 6 and at the end of chapter 7, the models
are gradually extended to represent a voltage droop control, the control method
used in the remainder of the work.

Voltage Margin Control

The principles of voltage margin control were introduced in [124] for two- and
three-terminal schemes and have later been applied to offshore wind farms [125].
The voltage margin method is in a sense similar to the control of two-terminal
schemes, where one converter controls the DC voltage at its bus and the other
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Figure 3.6: DC voltage margin control.

converter controls the active power. Because of the importance of the DC
voltage in the system, existing schemes include voltage controllers at both
terminals to provide a backup control in case the voltage controlling converter
fails. One way to operate such a scheme is to introduce a voltage margin around
the setpoint value, which allows the power controlling converter to take over in
case an unallowable voltage increase or decrease is detected, indicating a failure
of the voltage controlling converter.

Extending this principle to the case of an n-terminal system results in 1 DC
voltage controlling terminal and n−1 terminals in constant power control mode,
with different power controlling converters that can take over the DC voltage
control if needed. The voltage margin control method has been depicted in
Fig. 3.6, which shows the control of the voltage after the outage of converter
2 (Fig. 3.5). In this example, converter 1 is the converter controlling the DC
voltage. This converter approximately doubles the power injected into the DC
system, by first recharging the DC capacitances and afterwards maintaining
the power balance, thereby accounting for the outage of converter 2.

With the voltage margin control, a distributed control can be set up: in case
converter 1 hits its current limit before reestablishing the power balance, the
voltage decreases further, which would cause one of the remaining converter, i.e.
3 or 4, to take over the voltage control by limiting the power being inverted.
Also in the early work on VSC MTDC, a similar control method has implicitly
been assumed by using one converter to control the DC voltage and other
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converters to assist, mainly aiming at avoiding overvoltages in order not to
damage the converters [126].

Though a valid option in VSC MTDC schemes with a limited number of
terminals, the voltage margin control poses a number of challenges when used
in a meshed DC system with a large number of terminals:

• Although the control can be distributed as described above, the responsibility
of balancing the DC grid, even for major grid incidents, remains primarily
with one particular converter, which might be unacceptable from an
operational perspective.

• One has to avoid that different converters at a time start to control the
voltage, which causes oscillatory behavior. This condition can e.g. occur as
a consequence of improper tuning of the voltage margins with respect to the
line voltage drops.

• With the number of terminals increasing, selecting the appropriate voltage
margins for the different converters becomes challenging. A first reason is
that the large number of converters involved make the voltage margins of
some converters unacceptably high in order for them not to overlap with
those of others. A second reason relies in the fact that the resulting line
voltage drops, which depend on the power flows, become harder to predict
and calculate in meshed systems.

Voltage Droop Control

As an alternative to voltage margin control, the voltage droop control has
been developed. The control method was first presented conceptually in [127]
and was later developed further and applied in [128,129] and combined with a
frequency droop in [130]. In the framework of this thesis, the control method
was integrated with a steady-state power flow formulation for the first time
in [131].

Other than the aforementioned voltage margin control, which uses a PI controller
to control the DC voltage by one converter at a time, the voltage droop
control method involves different converters controlling the voltage at their bus
simultaneously by means of a proportional controller.

Fig. 3.7 schematically depicts the control actions taken by the three droop-
controlled converters after an outage of converter 2. Contrary to the situation
with voltage margin control, converters 3 and 4 also decrease their power taken
from the DC grid. Converter 1 still increases its power injection, but to a lesser
extent than was the case with the voltage margin control. Another difference
results from the use of a proportional controller, which implies a steady-state
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Figure 3.7: DC voltage droop control.

voltage deviation after an outage. This offset can be accounted for by providing
a secondary voltage control, which changes the droop control setpoints. Such
a control is developed in chapter 8. This secondary voltage control can be
considered to be part of a broader objective to restore the power flows between
different control zones in the AC system [114].

3.7 Main Contributions of the Thesis

The main contributions of this thesis are in the development of steady-state and
dynamic models, the development and analysis of DC voltage control methods
and the study of the interactions of this control with the AC system and within
the DC system. More specifically, the contributions are as follows:

• Detailed models for steady-state power flow analysis of DC systems are
developed.
– The thesis introduces accurate power flow models for hybrid AC/DC

systems, comprised of an arbitrary number of non-synchronized AC
systems and DC systems. The converter models are generally valid
and include the converter transformer, filter, converter reactor, as well
as converter losses and limits. The DC grid model is applicable for DC
systems with arbitrary topologies. These models are presented in chapters
5 and 6.
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– The thesis introduces a sequential power flow algorithm, that solves the
AC and DC systems sequentially by iterating between the two. The
algorithm is introduced in chapter 5.

– For the first time, the distributed voltage droop control has been included
in the DC system power flow models. This inclusion allows to study the
effect of the voltage control on the steady-state interactions in the AC
and DC systems after a contingency in the DC system. This inclusion is
introduced in chapter 6 and is elaborated further for various droop control
schemes in chapter 8.

• The open-source software MatACDC is developed.
– A new open-source power flow software is introduced. MatACDC is

the first software program of its kind, allowing to study the steady-state
interactions within DC systems and in large interconnected hybrid AC/DC
systems. Chapter 6 introduces the program.

– MatACDC enables the study of the steady-state effects (e.g. power flows
and voltage deviations) of various DC voltage control schemes after a DC
system contingency, such as a converter outages. This study is presented
in chapter 8.

– The program can be straightforwardly extended to include user-defined
models, as demonstrated in chapter 6.

– The program can be used to simulate complex hybrid AC/DC systems.

• A detailed dynamic converter model is derived and evaluated.
– The developed converter model includes internal current and voltage limits

and has a cascaded control scheme that allows for both voltage margin
control and voltage droop control. This makes the model ideally suited
for the dynamic study of DC grids. The model is introduced in chapter 7.

– The influence of neglecting the DC current dynamics is investigated.
– The model is implemented and tested in the open-source simulation

toolbox MatDyn. The model has also been verified by others against
an implementation in the commercially graded power system software
package EUROSTAG, in which also the influence of the converter limits
has been analyzed.

– The salient features of the model are the full representation of converter
limits and the fact that it can be easily reconfigured to combine different
converter control modes, such as DC voltage droop, constant power and
constant DC voltage control. This extension is presented in chapter 8.

• Various control strategies for DC systems are analyzed and compared.
– Using the newly developed converter model, the dynamic implementation

of both voltage margin control and voltage droop control is discussed in
chapter 7.
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– Based on joint research, a general classification of different DC voltage
control methods is introduced. The classification aims at consistently
grouping the different control methods proposed in the literature. Chapter
4 introduces this classification.

– Starting from the classification in chapter 4, various droop control schemes
are analytically derived, investigated and compared. For the first time, the
results of a steady-state power flow analysis and a dynamic implementation
are compared for a variety of droop control schemes. Chapter 8 introduces
the models and discusses the results.

– It is shown that, with the analytical models presented, a good
correspondence is obtained between the results of a steady-state and
dynamic analysis.

– Simulation results show that the main differences between the control
methods are related to the steady-state power and voltage deviations and
not to the system dynamics, which are largely the same for the various
implementations.

• A secondary DC voltage control is introduced.
– When using a distributed DC voltage droop control, the DC voltages

deviate from their reference values after a contingency. In chapter 8, a
secondary voltage control is introduced. The control aims at bringing the
overall DC voltage profile back in line with pre-fault operating values,
while minimizing the changes to the power setpoints.

• The effect of the power sharing after a converter outage on the AC system
transient stability is analyzed.
– Using a coupled power injection model for the DC system, the effect

of a distributed voltage control on the AC system transient stability
is analyzed by means of a Singular Value Decomposition (SVD) and
Multi-Input-Multi-Output (MIMO) system analysis of the linearized AC
system. The main advantage of using SVD analysis is that it provides
the means to address the input-output relationship of MIMO systems in
a clear condensed manner, thereby allowing to study the influence of the
input direction on the system behavior. However, the methodology is
not directly applicable to assess the stability margin of the system. This
contribution is based on joint research and is dealt with in chapter 9.

• The effect of the DC system layout and the voltage droop control settings
on the power sharing after a converter outage are analyzed (chapter 10).
– Linearized models are developed to analyze the effect of the droop control

settings on the steady-state power and voltage deviations after an outage.
– It is analyzed to what extent the DC system layout and characteristics

influence the power sharing after a converter outage.
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Figure 3.8: Structure of the thesis.

– It is shown that the DC droop settings can only be scaled to a limited
extent without altering the power redistribution after a converter outage.

– A multiobjective optimization routine is presented, showing that a trade-
off exists between the power redistribution and the DC voltage deviations
that can be tolerated after an outage.

Fig. 3.8 shows an overview of the remaining chapters and the structure of the
thesis.

3.8 Conclusion

The technical specifics of VSC HVDC allow a relatively straightforward extension
of the operation principles to multi-terminal transmission schemes. DC systems
with a small number of terminals are considered to be relatively similar
when compared to two-terminal schemes. However, a number of technical
challenges remain to be addressed with respect to the protection coordination,
communication needs, standardization, operation and control of meshed DC
systems. The challenges that are dealt with in the following chapters relate to
the modeling and control of such DC systems, as well as the interaction with
AC systems.
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4.1 Introduction

The academic community as well as transmission grid operators and
manufacturers have gained a strong interest in meshed HVDC grids [98]. No
system of this kind has ever been built, and the entire subject is a future
vision and still subject to basic research. The drivers for this development are
both technology push and demand pull. Improved semiconductors, increasing
power ratings for AC/DC converters and the first prototypes of DC breakers
put HVDC grids within reach. The widespread renewable energy development
demands new solutions for electric power transmission, especially when it comes
to remote offshore wind farms.

The first place where meshed HVDC grids could emerge is the North Sea [133].
In this region, massive wind farm construction has started and is planned for
the coming decades, and many of these farms will be far away from shore. These
remote offshore wind farms require HVDC connections, since long distance
subsea transmission is not suitable for AC. The large number of planned wind
farms and HVDC links within the North Sea indicates that an integrated grid-
based system solution will offer significant benefits (compared to a one cable per
farm solution) [20,134–136]. The countries around the North Sea have agreed
to build the North Sea SuperGrid (NSSG) under the North Seas Countries
Offshore Grid Initiative [137].

A second future application could be the European SuperGrid. Although still
more a vision than a project, the supergrid concept has gained remarkable
attention during the last years, since it could be of high relevance for the desired
pan-European electricity market, as well as from the point of view of security
of supply and sustainability. A supergrid, interconnecting various regions with
their own generation mixes and load patterns, would be beneficial for a large-
scale renewable energy development. An HVDC-based electricity grid spanning
over entire Europe is envisioned [138], with possible extensions to Northern
Africa [139].

Although many similarities exist, the working principles and operational
characteristics of such a DC grid are different from the ones in AC systems. The
main differences result from the fact that no reactive current, reactive power
and phase angle exist. Therefore the DC node voltages are the most important
measure, which define the system state and the power flow. Since DC voltages
are directly linked with DC currents, it makes sense to refer to a current balance
in the DC system rather than a power balance as in an AC system.

This article aims at classifying the different node voltage control methods, which
have been proposed in the literature in recent years. The control objectives
and requirements and the steady-state working conditions of DC node voltage
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control are discussed, while the actual control implementation is not covered.
Slower control actions, like power rescheduling, are not treated in this article.
Mathematically, this means that no setpoint changes are considered for DC
voltage control. The focus is purely on DC voltage control as a means of active
power balancing, similar to primary frequency control in AC systems.

4.2 HVDC Converter Control Requirements for
Large DC Grids

The requirements for HVDC converters connected to large DC grids are
substantially different from the state-of-the-art control requirements for two-
terminal HVDC schemes. Additional challenges arise when small AC islands
like offshore wind farms are connected. The main requirements for large DC
grids are explained in this section.

High Reliability

For all existing point-to-point HVDC systems, single component faults can
degrade the system performance and even lead to a system shut down. A
meshed HVDC grid, possibly integrating many gigawatts of generation units,
has to be much more reliable, since its performance is essential for the connected
AC grids.

Integration of Electrical Islands

Requirements of the HVDC converter control depend on what type of AC
system they are connected to. It is expected that onshore power systems are
more suited to contribute to balancing control, when compared to offshore wind
farms. The wind farms can be considered to be electrical island with a large
volatile power source. Hence, the offshore wind farm converters have much less
flexibility with respect to controlling the power injection to the DC grid, as
they need to deliver the wind power to the DC grid in real time. Therefore,
fewer possibilities exist for the wind farms to participate in the aforementioned
balancing control, which has to be performed mainly by the onshore stations
that are connected to larger AC systems.
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Plug and Play

The principle of “plug and play” is important, meaning the controls have to be
defined in a general way. This takes into account the specifics of the DC grid
dynamics, whilst assuring the interoperability of different types of converters.
Meanwhile, these general control principles should include control specifics
that can be different for each converter in a multi-vendor set-up, while not
compromising the interoperability and overall functionality of the grid. This
means that the general control principles of the first converters installed should
be designed in such a way, that the overall control outline would not be subject
to change in case many more converters are added to the same DC system in
the future.

Autonomous Converter Control

A loss of communication is always a possible threat. Therefore, all converters
must be able to survive with local measurements only. This is similar to onshore
AC power systems, where primary frequency control ensures reliable system
operation without the need for communication.

Consideration of DC Voltage Drop

In AC systems, the frequency is the same throughout the entire system and
serves as an active power balance indicator. The active power flow on a line is
observed through the phase angle. In DC systems, DC voltage is both influenced
by the global active power balance as well as by the power flows on the lines.
Therefore DC voltage is not a true global measure (unlike AC frequency) and
it is therefore more challenging to use the DC voltage as a reference for active
power balancing control. Despite these difficulties in terms of control, the DC
voltage still appears to be the best indicator for stable DC grid operation.

AC Grid Integration

When the DC grid interconnects different non-synchronized zones, it is possible
to share the primary frequency reserves of these different zones by implementing
an AC frequency control. If a significant part of the power that is supplied
to the AC systems is coming from the DC grid, it is beneficial if the HVDC
converters take part in the AC frequency control. In [130], a control scheme
was presented to combine the aforementioned DC voltage control with an AC
frequency control.
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4.3 Basic Control Principles

All methods described in this article utilize local DC voltage measurements in
order not to fully rely on external data for the control to work. However, the
overall performance might be improved by using a common voltage signal for
feedback, as proposed in [113].

In this article, positive current and power are defined as flowing out of the DC
grid, which is coherent with the physical definitions of voltage, current and
power. In power systems, a reverse convention is often in use, which might be
more intuitive because of production being positive and loads being negative.
Given the definition on the DC side and the convention on the AC side, an
HVDC converter’s current and power are positive in inverter mode and negative
in rectifier mode. The direction reference is therefore consistently defined for
both the AC and the DC side1. This leads to regular AC frequency droop
curves having a negative slope, and DC voltage droop curves (e.g. Fig. 4.2,
Section 4.4) having a positive slope.

The control of the DC voltage shows a lot of similarities with frequency control
in an AC power system. Whenever a deficit occurs in the current that flows
in/out the DC grid, the voltage at the different nodes will immediately react to
this change as a result of the capacitors and cable capacitance discharging or
charging. This current deficit can occur, for example when a converter faces an
outage. If the converter was exporting to the AC system, the outage will cause
a current surplus leading to a voltage increase. On the contrary, if the converter
was importing into the DC grid, the converter outage causes a current shortage
leading to a voltage decrease. DC voltage can therefore be taken as a balance
indicator, similar to AC frequency in AC power systems.

In AC systems however, the frequency is the same throughout the entire system.
The active power flow on a line is observed through the phase angle. In DC
systems, DC voltage is both influenced by the global balance as well as by
the currents on the lines. Therefore DC voltage is not a true global measure
and it is therefore more challenging to use the DC voltage as a reference for
balancing control. Despite these difficulties in terms of control, the DC voltage
still appears to be the best indicator for stable DC grid operation.

Based on the described behavior, it is clear that the current balance has to be
restored as soon as possible in order to keep the voltage from falling or rising.
All control structures discussed further on in this article rely on the fact that
the deviation of the controlled DC voltage (local measurement at each DC bus)

1This convention has only been used in this publication. In the remainder of the thesis,
AC and DC power are considered to be positive when injected into respectively the AC and
DC system.
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is determined and corrected for by the control action, which comes down to
restoring the current balance.

Assuming a lossless system, all node voltages would be identical and the current
balance can be directly rewritten as a power balance. In a real system, DC line
losses will add to the power balance equation and cause a mismatch between
imported and exported power. Still, the general phenomena are the same: a
change in the power balance will cause the DC voltage to deviate.

There are two basic principles how DC voltage can be controlled: current-based
control and power-based control [140, 141]. It is important to mention that
both current-based control and power-based control behave identically at the
operating point. The larger the DC voltage deviates from the reference value, the
larger the differences between power-based and current-based control become.

4.3.1 Current-Based Control

In a current-based control scheme, the relationship to be used to control the
DC voltage is an I-V characteristic [142,143]. The main advantage of a current-
voltage control characteristic is that it reflects linear control behavior in the
sense that a voltage deviation will result in an equivalent current deviation. As
the voltage is linked with charging or discharging the capacitive DC system, the
control is linear and is the same for all voltage deviations from any reference
value. The power-voltage relation is consequently non-linear (parabolic).

Current-based control can be directly linked with the DC network dynamics: the
charging of the capacitances in the DC network relies on a linear current-voltage
relation, which has the physical dimension Ohm. This makes current-based
control somehow intuitive from a physical perspective as it has the same physical
units as the DC line impedance.

4.3.2 Power-Based Control

As an alternative to the current-based control, the DC voltage control can be
expressed in terms of active power, as discussed in [127,128,131]. The power-
voltage relation is here linear. Contrary to current-based control, power-based
control shows non-linear (hyperbolic) control behavior. One should take into
account the fact that DC voltage control therefore is non-linear.

Power-based control has the advantage that it is more intuitive from a power
system perspective, where the focus often is on transmitted power. It is also
somehow similar to power-frequency control in AC systems. The power-voltage
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Figure 4.1: Converter and system limits.

relation has a physical unit of 1/A or Ω/V, which does not have a direct intuitive
physical meaning. Power-based control can easily be integrated with the existing
vector control schemes, which makes it well-suited to be used with the standard
dq-current controllers used in VSC HVDC systems. As discussed in [140], it is
also possible to use the current-based control to create an AC current reference.

4.3.3 Converter and System Limits

There are several limits for HVDC converter control. The three most important
are briefly described here and shown in Fig. 4.1. The values for the limits in the
figure are chosen for good graphic illustrations and do not represent realistic
HVDC converter limitations.

• DC voltage limits The DC voltage has an upper and a lower limit. The
upper limit is determined by the insulation of the switching components and
the connected DC equipment (e.g. cables). The lower limit is more complex
as it is based on a limitation of the modulation index, and it also depends
on the converter topology and the converter control implementation. These
details are out of scope of this article.

• Power limits The active power has an upper limit. This power limit is
caused by the semiconductor current limit, which limits the AC current and
consequently the power (assuming a constant AC voltage). The power limit
appears as a hyperbolic curve in the I-V plane, and as a straight vertical
line in the P-V plane.

• DC current limits The DC current has an upper limit, based on the current
rating of the connected DC components. This appears as a straight vertical
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line in the I-V plane and as a straight line towards the axes intersection in
the P-V plane. As the limits depend on the connected DC equipment, there
is no general answer whether these limits can be reached: the lower voltage
limit might be reached before the current limit is hit.

4.4 Basic Converter Control Strategies

In the previous section, emphasis has been put on how a converter can control
the DC voltage control and the distinction that can be made based on the P-V
or I-V relationship. In this section, it will be discussed how different control
schemes can be approached as a generalized case of a voltage droop control.
The discussion holds for both current- and power-based droop control. The
control is complicated by the fact that the voltage in the DC grid varies as a
result of the DC grid power flow. In order to obtain a certain power flow, the
voltage setpoints have to be different for all converters and should reflect the
steady-state power flow solution of the DC network.

The explanation provided in this section reflects the mathematical representation
of the control objective in terms of droop characteristics. The actual
implementation, however, does not necessarily rely on the proportional droop
controller, as discussed below. The term “basic strategies” refers to consistent
control strategies, which do not depend on the operating point. The control
strategies have only a single parameter, which is the droop value or control gain.
The control is therefore linear. The advanced control schemes in Section 4.5 can
be seen as a combination of the three control types discussed in this section.

4.4.1 Voltage Droop Control (Positive Droop Constant)

Voltage droop control creates a proportional relationship between the voltage
and the control base (current or power) and is shown in Fig. 4.2. The droop
constant is called kdc. The control base is indicated by the subscript I or P . The
subscript 0 indicates the voltage, current and power setpoints, with the natural
relationship2 Pdc,0 = Udc,0Idc,0. The voltage, current and power deviations are
defined as ∆Udc = Udc−Udc,0, ∆Idc = Idc− Idc,0 and ∆Pdc = Pdc−Pdc,0. The
I-V droop relation can be written as

∆IdcI = 1
kdcI

∆Udc. (4.1)

Rewriting (4.1) in terms of active power yields the corresponding power equation,
2A thorough discussion on the per unit base can be found in Appendix A.
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Figure 4.2: I-V curve and P-V curve for droop control3.

which is parabolic,

∆PdcI =
(
Udc0

kdcI
+ Pdc0

Udc0

)
∆Udc + 1

kdcI
∆U2

dc. (4.2)

The expression for the P-V droop relation is similar to (4.1), namely

∆PdcP = 1
kdcP

∆Udc. (4.3)

Rewriting (4.3) in terms of current yields the corresponding current equation
which is hyperbolic

∆IdcP =
(

1
kdcP

− Idc,0
)

∆Udc
∆Udc + Udc,0

. (4.4)

The slope of the I-V or P-V characteristic is determined by the droop value,
which is the inverse of the proportional controller gain. The droop value kdc in
these equations is the slope of the characteristics in Fig. 4.2, and is the inverse
of the proportional controller gain used in the actual implementation. The
stability of the droop controller depends on the droop value and the actual
implementation. If well designed, the voltage droop control leads to a stable
operation. When a contingency occurs, the droop control is characterized by a
steady-state deviation from the voltage reference as a result of the proportional
control action.

3The term droop control only refers to the part of the curve between the converter limits
from Fig. 4.1. The same holds for the other figures in this chapter.
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Figure 4.3: I-V curve and P-V curve for droop control with infinite droop
constant.

4.4.2 Constant Current/Power Control (Infinite Droop Con-
stant)

Constant current control and constant power control can respectively be
represented as a vertical line segment in the I-V and P-V plane. Mathematically,
the constant power/current control can be expressed as a limiting case of the
aforementioned voltage droop control, with a droop constant equal to infinity,
thereby not changing the current/power whenever the DC voltage changes. The
converter will at all cost try to maintain the current/power injection constant,
irrespective of the value of the DC voltage at its DC bus. Fig. 4.3 shows the
characteristic curves for both droop types in the P-V and I-V plane. Constant
current control leads to a linear behavior in the P-V plane. Constant power
control leads to hyperbolic behavior in the I-V plane.

In reality, constant current/power control is implemented using a PI controller
to keep the current/power equal to its reference value. This is due to dynamic
reasons, but theoretically, this comes down to the limiting case of an infinity
droop value.

4.4.3 Constant Voltage Control (Zero Droop Constant)

Constant voltage control can be represented as a horizontal curve in the I-V or
P-V plane (Fig. 4.4). The DC voltage control can be regarded as the limiting
case for which the droop constant goes to zero. From (4.1) and (4.3), it is clear
that the converter in this case controls the voltage to its reference value. In
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Figure 4.4: I-V curve and P-V curve for droop control with zero droop constant.

Fig. 4.4 no distinction between current- and power-based control is shown, since
the curves are identical. A converter with this type of control is often referred
to as a DC slack bus.

This control mode relates to a proportional control gain of infinity. This of
course is unrealistic and will lead to instability. Constant voltage control is
therefore in reality not realized with an infinite gain, but with a PI controller.
In theoretic steady-state the outcome is the same, but due to dynamic reasons,
the infinite control gain is not viable.

4.5 Advanced Converter Control Strategies

In this section control methods are covered, that cannot be described by a
single control parameter. They are therefore nonlinear, or to be more precise
piecewise-linear. The actual control behavior depends on the operating point,
thereby making a distinction between normal and disturbed operation. The
advanced converter control strategies’ behavior changes when large disturbances
occur.

4.5.1 Voltage Margin Control

Voltage margin control has first been proposed for DC networks in [124] and
later been applied and developed further in [125, 126]. It is a combination of
constant current/power control and constant voltage control. A converter with
voltage margin control normally operates in constant current/power control
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Figure 4.5: I-V curve and P-V curve for voltage margin control.
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Figure 4.6: I-V curve and P-V curve for deadband droop control.

mode (as long as the voltage is within the normal operation voltage margin).
If the voltage deviation reaches the limit of the voltage margin, the converter
controller switches to constant voltage control, clamping the voltage at the
margin limit to prevent further voltage deviation. This is shown in Fig. 4.5.

4.5.2 Deadband Droop Control

Another advanced control strategy is droop control with an additional deadband
[129]. Just like with voltage margin control, the converter operates at constant
current/power control mode as long as the voltage is within the normal operation
band or margin. If the voltage deviates to the limit of the deadband, the
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Figure 4.7: I-V curve and P-V curve for undead-band droop control.

controller switches to droop control. Voltage margin control can be seen as
the limiting case of deadband droop control with a zero droop constant. The
control strategy is shown in Fig. 4.6.

4.5.3 Undead-band Droop Control

Another approach to DC voltage control, the so-called “undead-band” droop
control, has been proposed in [144] and developed further in [145]. The control
is fully based on voltage droop, but distinguishes between normal and disturbed
operation by defining different droop constants for these two operation regimes.
It offers the possibility to optimize the droop constants and the overall control
separately for normal and disturbed operation. This is shown in Fig. 4.7. A
similar concept has been proposed in [112].

The definition of undead-band droop control is the most general one, and all the
other mentioned control methods can in fact be considered as specific examples
of parameter sets of undead-band droop control. For example, deadband droop
control can be seen as the limiting case of undead-band droop control with
an infinite droop constant (constant current/power) under normal operation.
Similarly, voltage margin control can be seen as the limiting case of undead-
band droop control with an infinite droop constant under normal operation
(constant current/power) and a zero droop constant under disturbed operation
(constant voltage). Regular droop control can be seen as the limiting case of
undead-band droop control with the same droop constant in both operation
modes. Also other strategies, not mentioned in this article, can be perceived
accordingly. As a compliment to deadband droop control, a zero droop constant
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under normal operation (constant voltage) can be combined with droop control
under disturbed operation. Unlike a deadband, where the converter does not
react on voltage changes, this scheme keeps the voltage constant under normal
operation [25]. Another possible variation is a controller with droop control
under normal operation and with zero droop (constant voltage) under disturbed
operation [111].

4.6 Basic Grid Control Strategies

In general, the DC voltage can be controlled to its reference value at one
centralized voltage controlling converter or by using a distributed control
approach. The basic grid control strategies discussed in this section are based
on the basic converter control strategies from Section 4.4.

4.6.1 Centralized Voltage Control

One converter has a droop value of zero, controlling the DC voltage to a
constant value at its bus (Section 4.4.3), thereby acting as a DC slack bus. The
other converters have a droop value of infinity (Section 4.4.2) and control their
current/power to the setpoint. The control concept is similar to the normal
operation of a point-to-point VSC HVDC system.

Centralized voltage control gives rise to a well-defined operating point, since all
but one converters operate at their current/power setpoints. This strategy can
hold for quite large networks under normal operating conditions. Since only one
converter has to account for all disturbances within a grid, this method would
only be applicable for relatively small fluctuations around the operating point
in a larger system. With increasing network size, current/power fluctuations
increase as well, thereby finally limiting the applicability of centralized voltage
control. This type of operation would also have a significant influence on the AC
system connected to that converter. The most critical problem, however, is how
to handle severe disturbances, such as an imbalance exceeding the capabilities
of the slack bus or the outage of the DC slack bus, for which no backup control
is provided.

4.6.2 Distributed Voltage Control

Distributed balancing control is applied to all large AC power systems and it
is therefore a natural thought to consider this control method for DC power
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systems as well [146]. Distributed voltage control is implemented by applying
droop control to several converters (Section 4.4.1). It is not necessary that
all converters take part in the control of the DC voltage. Droop-controlled
converters and current/power controlled converters can easily be integrated
into the same DC grid. This is similar to AC grids, where some power stations
take part in primary frequency control while others do not. The integration
of voltage controlled converters could cause problems: similar to a frequency
droop in AC systems, the power sharing amongst different droop-controlled
converters is determined by the relative droop values of the different converters.
The smaller the droop value, the higher the share of a particular converter in the
power sharing. A voltage controlling converter can be considered as the limiting
case for the droop constant going to zero, thereby significantly reducing the
power sharing of the other converters. In this way, adding a voltage controlling
converter would partly undermine the distributed control principle of droop
control. In this case only the changes in the voltage drops on the lines determine
the changes in the operating points of the droop-controlled converters, leading
to small control contributions.

4.7 Advanced Grid Control Strategies

The advanced grid control strategies are based on the advanced converter
control strategies from Section 4.5. Compared to the basic strategies the main
difference is the inclusion of backup mechanisms to handle large disturbances.
For distributed voltage control, this backup is an improvement, while for
centralized voltage control, it is a necessity as illustrated in Section 4.6.

4.7.1 Centralized Voltage Control with Centralized Backup

The backup system for the centralized control method can be implemented
with a centralized approach as well. This means that a converter that normally
controls current/power switches to voltage control to take over the task from the
regular voltage controlling converter. The modification from centralized voltage
control is to replace constant current/power converter controllers by a voltage
margin control. If the voltage deviates significantly (i.e. the voltage controlling
converter fails to do its task), a converter with voltage margin control hits the
limit of the voltage margin, turns into the new DC slack bus and starts to
control the DC voltage at the limit of the voltage margin. In this way, the task
of the slack can be passed back and forth between converters many times.
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For smaller DC systems, this control can be a good choice, as long as the
converter ratings and the system rating are in the same range. One slack bus
converter can be selected, but for extraordinary conditions other converters
help out. This is similar to the real implementation used in point-to-point
connections. For large DC systems this method might pose problems. With
increasing system size, changes in operation mode will appear more often. This
creates highly nonlinear system behavior, where local voltage measurements lose
information on the general system state. Furthermore, when more converters
participate in the voltage margin control, the number of voltage steps increases,
which might give rise to voltage deviations that are too large. These two factors
make it complicated to oversee and therefore control the network.

4.7.2 Centralized Voltage Control with Distributed Backup

A better way to provide a backup mechanism for centralized voltage control
for large DC grids is to use deadband droop control instead of voltage margin
control. If the voltage controlling converter fails, the voltage control task is
not transferred to another converter (as with voltage margin control), but to
all other converters with a distributed approach. At larger disturbances, the
consequences are split among all converters, leading to a new stable operating
point.

Compared to voltage margin control, this method can provide an improvement
when it comes to handling large disturbances. However, it still faces similar
problems under normal operation for very large power systems, where the
converter ratings are very small compared to the system rating. The regular
power fluctuations increase with system size, eventually exceeding the capability
of one single converter, and therefore operation outside the deadband is likely
to become more frequent.

4.7.3 Distributed Voltage Control with Distributed Backup

Generally, the distributed voltage control can safely operate a DC grid without a
backup mechanism. But still, also with a distributed voltage control approach, it
might be desirable make a distinction between normal and disturbed operation,
e.g. stay close to the operating point under normal conditions, as discussed
in [112], whilst having a backup control with different settings. In this way,
converters with droop control that contribute to voltage control can increase
their contribution (lower droop value) in case of a severe disturbance. This
can be implemented with undead-band droop control. Similarly, current/power
controlled converters that do not contribute to voltage control could in some
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cases be implemented as deadband droop-controlled converters, thereby also
contributing to the voltage control backup system.

4.8 Conclusion

The currents in and out of a DC grid can be balanced by controlling the node
voltages within defined limits. The DC node voltage can be influenced by
controlling the current/power of the HVDC converter at that node. To ensure
secure operation of the DC grid, the control should be robust and reliable and
to some degree distributed and autonomous. It should also be flexible and easily
expandable.

In this paper, three overall converter control strategies are systematically
introduced: constant voltage control, constant power/current control and voltage
droop control. It has been discussed to which extent these control strategies
comply with or compromise the control requirements. It has been discussed that
the constant current/power control and constant voltage control characteristics
theoretically can be regarded as limiting cases of the droop control. The control
concepts can be combined, leading to more advanced converter control strategies
such as voltage margin control, deadband droop control or undead-band droop
control. These advanced converter control strategies distinguish between normal
and disturbed operation.

Based on the introduced basic converter control strategies, two basic grid control
strategies are introduced and classified: centralized and distributed voltage
control. The application of the advanced converter control strategies results in
advanced grid control strategies, which have a backup control mechanism to
handle large disturbances.
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5.1 Introduction

The ever growing need for transmission capacity in current day power systems has
led to an increased interest in transmission based on Voltage Source Converter
High Voltage Direct Current (VSC HVDC) technology. One of the advantages
of the VSC technology over conventional Current Source Commutated (CSC)
HVDC is the relatively straightforward extension to Multi-Terminal (MTDC)
configurations. The VSC HVDC offers significant advantages over traditional
AC grid reinforcements and an operation in a MTDC grid could facilitate the
integration of renewable energy sources in the future. Recently, plans have
even been suggested to build offshore grids based on DC technology or a DC
supergrid to connect the growing share of renewable energy sources [98,147].

One of the outstanding research issues is the steady-state behavior of these
integrated AC/DC systems. In the past, numerous efforts have been spent
on the joint solution of integrated AC/DC systems based on the traditional
CSC technology [148–152]. Generally, the solution methods presented for
CSC HVDC systems can be subdivided in unified and sequential methods. In
unified methods, the AC and DC system equations are solved together [151],
whereas in the sequential method, the AC and DC system equations are solved
sequentially [152]. The biggest advantage of the sequential methods over their
unified counterparts is that the sequential methods can be implemented relatively
easily as an extension to existing AC power flow programs, whereas a unified
implementation requires an alteration of existing AC power flow algorithms.

A lot of research has been conducted on the operation of CSC HVDC in a
multi-terminal set-up, but the inherent technical specifics of the CSC technology
make a multi-terminal operation impractical if more than three converters are
involved, thus impeding an application of the CSC technology in large scale,
meshed DC grids. In a parallel operation, a power reversal is complex and it
requires mechanical switching. A different voltage to ground at the different
converters results in a complex insulation and grounding scheme in a series
operation, hampering an extension of the scheme. VSC HVDC has much better
prospects for an operation in a MTDC system than CSC HVDC technology:
the DC side of the converter behaves as a current source, which makes a power
reversal at any terminal a straightforward control setpoint change.

The general distinction between unified and sequential methods is also applicable
to integrated AC/VSC MTDC power flow algorithms, but due to the technical
specifics of the VSC, the power flow models of CSC and VSC MTDC systems
differ. Whereas the past research has been focussing on the power flow solutions
for CSC MTDC systems, a general approach for VSC HVDC systems is missing.
Most VSC HVDC power flow models available in the literature or embedded
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Figure 5.1: VSC HVDC converter station.

in commercial software are limited to two-terminal VSC HVDC systems or
are not general enough, which can impede their extension to a general VSC
MTDC model [153]. In [154,155], the analysis is limited to a two-terminal VSC
HVDC system. In [156], converter losses are neglected, DC variables are not
accessible and the power flow setpoints are defined at the converter bus instead
of the system bus. This simplifies the calculations, but is not in accordance
with current practice. In [157], losses are included but the VSC is only modeled
to a limited extent while converter limits are not included.

The main contribution of this paper is the development of a detailed, general
steady-state VSC MTDC model for a sequential AC/DC power flow algorithm.
The method elaborates further on the general algorithm presented in [158], now
including a representation of converter transformers, filters and operation limits
as a part of the converter model. Additionally, the model can represent multiple
DC grids interconnecting different buses within one AC system or connecting
buses from various AC systems. The paper also discusses the modifications
to be made when a transformer- or filterless operation is considered. Section
5.2 discusses the power flow model of the converter and that of the DC grid.
The sequential AC/DC power flow implementation is discussed in Section 5.3.
Finally, Section 5.4 discusses simulation results by combining the proposed
methodology with the open source Matlab toolbox, Matpower [159].

5.2 Power Flow Modeling

5.2.1 Converter Model

In its most general format, a VSC HVDC converter (Fig. 5.1) can be represented
by a controllable voltage source U c=Uc∠δc behind the phase reactor with a
complex impedance Zc = Rc + Xc. As shown in Fig. 5.2, the phase reactor is
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Figure 5.2: Equivalent single phase power flow model of a converter station
connected to the AC grid.

connected to the susceptance Bf which forms a part of the low pass filter. The
filter bus is connected to the AC grid through a transformer, represented by its
impedance Ztf = Rtf + Xtf . The equations for the power flowing to the AC
network can thus be written as

Ps = −U2
sGtf+UsUf [Gtf cos(δs−δf )+Btf sin(δs−δf )], (5.1)

Qs = U2
sBtf+UsUf [Gtf sin(δs−δf )−Btf cos(δs−δf )], (5.2)

with Us=Us∠δs and Uf =Uf∠δf respectively the complex grid side and filter
bus voltage. The equations at the converter side can be written as

Pc = U2
cGc − UfUc[Gc cos(δf−δc)−Bc sin(δf−δc)], (5.3)

Qc = −U2
cBc + UfUc[Gc sin(δf−δc)+Bc cos(δf−δc)]. (5.4)

Assuming the AC filters to be lossless, the filter power reduces to its reactive
part

Qf = −U2
fBf , (5.5)

while the expressions for the filter side complex power flowing through the
transformer are written as

Psf = U2
fGtf−UfUs[Gtf cos(δs−δf )−Btf sin(δs−δf )], (5.6)

Qsf = −U2
fBtf+UfUs[Gtf sin(δs−δf )+Btf cos(δs−δf )], (5.7)

and those flowing through the phase reactor side are

Pcf = −U2
fGc+UfUc[Gc cos(δf−δc)+Bc sin(δf−δc)], (5.8)

Qcf = U2
fBc+UfUc[Gc sin(δf−δc)−Bc cos(δf−δc)]. (5.9)
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In the absence of low pass filters or with the filters omitted, the phase reactor
and the converter transformer can be lumped together [158], eliminating the
dependence on the complex filter bus voltage in (5.1) – (5.4). Similarly, if
transformerless designs are considered, the filter bus and the AC grid bus
coincide, hence simplifying the equations.

A VSC HVDC converter can independently control the active and reactive
power injection with respect to the AC system. In the power flow algorithm
presented in this paper, the active power injection is modeled in two different
ways:

1. Constant P : The converter has a constant active power injection Ps into
the AC grid.

2. Constant Udc: The algorithm adapts the active power injection Ps to obtain
a constant DC bus voltage Udc.

The actual steady-state behavior of a two-terminal VSC HVDC link can be
modeled in a power flow algorithm by one constant P converter and one constant
Udc converter. The active power injection of the latter is unknown prior to the
power flow and depend on the losses in the VSC HVDC system. This constant
Udc converter is referred to as the DC slack converter, due to its similarity to
the slack bus in AC power flow algorithms.

This two-terminal representation can be extended to model x different MTDC
systems with a total of y DC converters. With one DC slack bus per MTDC
system, this results in y − x converters controlling their active power output
(constant P ). The x remaining DC slack converters, one per MTDC system,
adjust their power to account for the DC system losses and to keep up the
voltage of the DC grids. Alternatively, a voltage droop can be implemented to
study the effect of distributing the DC voltage control function on the power
flows [131].

The ability of the converter to independently control the reactive power results
in two different representations in the power flow algorithm:

1. Constant Q: The converter has a constant reactive power injection Qs into
the AC grid.

2. Constant U : The converter adapts the reactive power injection to obtain a
constant AC bus voltage magnitude Us.

As discussed in [153], commercial software models include the converter up to
the filter bus while the filter and transformer have to be added separately. The
power and voltage setpoints are then defined with respect to the filter bus or
the converter bus [156] instead of the system bus. Although these alternative
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methods are easier to implement, they do not comply with current day practices
in VSC HVDC systems.

The model developed in this paper also includes the converter station losses using
a generalized loss formula with the converter losses quadratically dependent on
the converter current Ic [160]:

Ploss = a+ b · Ic + c · I2
c , (5.10)

with the converter current magnitude Ic given by

Ic =
√
P 2
c +Q2

c√
3Uc

. (5.11)

This aggregated loss model has been derived for the Södra Länken project, a
VSC HVDC link with a rating of 600 MW and a DC voltage of ±300 kV. The
model includes the losses in the different components of a VSC HVDC converter
substation. The loss components are further discussed in [160]. The loss data
in this paper has been scaled down to the appropriate MVA base.

5.2.2 VSC HVDC Converter Limits

To ensure an overall safe operation of the converter station, the steady-state
working point must be situated within the PQ-capability chart of the converter,
depicted in Fig. 5.3. The full lines include the effect of the filters, the dotted
lines neglect the filters. The gray circle forms the converter current limit. The
black arcs depict the upper and lower converter voltage limits.

With the apparent power injection written as

Ss = UsI
∗
s, (5.12)

the system bus voltage equation, which is equal to

Us = Uf − ZtfIs, (5.13)

can be reformulated and substituted in the equation for the current at the filter
bus, yielding

Is = Ic −
Us + ZtfIs

Zf
. (5.14)

Rewriting this equation in terms of the current Is and substituting it in (5.12)
results in a closed expression of the converter current limit

Ss = −U2
s

(
1

Z∗f + Z∗tf

)
+ UsI

∗
cm

(
Z∗f

Z∗f + Z∗tf

)
, (5.15)
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Figure 5.3: PQ-capability chart – Converter station current and voltage limits
(with Icmax= 1.05 p.u., Ucmin= 0.85 p.u. and Ucmax=1.2 p.u.).

with Icm the phasor of the maximum current

Icm = Icmax∠δIc . (5.16)

With the filters omitted, (5.15) simplifies to

Ss = UsI
∗
cm. (5.17)

As shown in Fig. 5.3, the circular current limit from (5.17) slightly scales
and shifts to a new center point as a result of the filter inclusion. The filter
capacitance thus leads to a small bias in Qs-axis direction [161].

In VSC systems that use Pulse Width Modulation (PWM), the modulation
factor has an upper and lower limit, respectively to avoid overmodulation and
the reappearance of harmonics. In [162], the lower reactive power limit is a
constant at -0.5 p.u. With the Modular Multilevel Converter (MMC) technology,
the reactive power is limited by the current in the lagging region [163]. The
lower voltage limit can thus be omitted in this case.

These limits are implemented as limits on the converter voltage. The voltage
limits can be obtained by applying a Y−∆ transformation to the equivalent
model from Fig. 5.2. This is shown in Fig. 5.4, with the equivalent impedances
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Figure 5.4: π-equivalent scheme of a VSC HVDC converter.

Z1, Z2 and Z3 respectively

Z1 =
ZtfZc + ZcZf + ZfZtf

Zc
, (5.18)

Z2 =
ZtfZc + ZcZf + ZfZtf

Zf
. (5.19)

Z3 =
ZtfZc + ZcZf + ZfZtf

Ztf
. (5.20)

Rewriting I∗s in (5.12) in terms of the currents I1 and I2, through Z1 and Z2
results in

Ss = Us (I∗2 − I∗1) , (5.21)

= Us

(
U∗c − U

∗
s

Z∗2
− U∗s
Z∗1

)
. (5.22)

Rewriting this equation in terms of admittances results in the expression for Ss
in terms of a converter voltage limit

Ss = −U2
s (Y ∗1 + Y ∗2) + Us U

∗
cm Y

∗
2, (5.23)

with U cm the phasor of the minimum or maximum converter voltage Ucmin or
Ucmax . Ucmax is the maximum voltage that can be generated by the converter
while avoiding overmodulation. The lower voltage limit Ucmin in Fig. 5.3 has
been chosen to comply with the minimum reactive power limit from [162]. This
limit can be omitted in an MMC or when no minimum reactive power limit is
imposed on the converter.

Similar expressions can be found by applying l’Hôpital’s rule to (5.18) – (5.20)
for Zf→∞ or Ztf→ 0 when the filter or transformer are not included. The
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expression without the filter hence simplifies to

Ss = −U2
s

(
1

Z∗tf + Z∗c

)
+ UsU

∗
cm

Z∗tf + Z∗c
. (5.24)

Similar to the current limit, the inclusion of the filter shifts the voltage limit
circles from (5.17) to a new center point, while their radii slightly change.

5.2.3 DC Grid Model

The power flows in the DC grid can be obtained in a way similar to a conventional
AC power flow. The current injected at a DC node i can be written as the
current flowing to the other n− 1 nodes in the network

Idci =
n∑
j=1
j 6=i

Ydcij · (Udci − Udcj ), (5.25)

with Ydcij equal to 1/Rdcij .

Combining all currents injected in an n bus DC network results in

Idc = YdcUdc, (5.26)

with Idc = [Idc1 , Idc2 . . . Idck , 0 . . . 0]T the DC current vector with n − k zero
elements due to DC buses without a power injection and converter outages,
Udc = [Udc1 , Udc2 . . . Udcn ]T the DC voltage vector and Ydc the DC bus matrix.
When line outages are taken into account, the DC bus matrix needs to be
updated accordingly. When x DC grids are considered, all DC bus matrices
Ydcj of the different DC grids are combined in one single sparse band matrix
Ydc

Ydc =

 Ydc1
. . .

Ydcx

 . (5.27)

For a monopolar DC grid the active power injected in node i can be written as

Pdci = UdciIdci , ∀i ≤ k, (5.28)

whereas for a monopolar, symmetrically grounded DC grid, the power injections
become

Pdci = 2UdciIdci , ∀i ≤ k. (5.29)
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Figure 5.5: Flow chart of the sequential VSC AC/DC power flow algorithm.

A similar expression holds for a bipolar configuration. The current injections
Idc are not known prior to the power flow solution for the DC grid, whereas
the active power injections Pdc are known for all buses except for the DC slack
buses as a results of the AC power flow. Combining (5.26) and (5.29) and
assuming a monopolar, symmetrically grounded DC grid

Pdci = 2Udci
n∑
j=1
j 6=i

Ydcij · (Udci − Udcj ). (5.30)

This system of non-linear equations can either be solved with a Newton-Raphson
(NR) method, as derived in the next section, or rewritten to include the unknown
DC slack buses power equations directly [123].
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5.3 AC/DC Power Flow

Fig. 5.5 shows the flow chart of the sequential power flow algorithm. The
algorithm starts with a per unit conversion and an internal bus renumbering
from [153] which facilates the inclusion of multiple DC grids, line and converter
outages, as well as DC buses without an AC grid connection. In order to simplify
notation, it is assumed in the remainder of the paper that interconnected AC
and DC buses have the same bus number. For convenience, the analysis will
be confined to one AC grid and one DC grid with n buses of which k have a
connection to the AC grids. The method can easily be extended to include
multiple AC and DC grids.

5.3.1 AC Network Power Flow

The power flow equations for bus i in the AC grid can be written as

Pi(U , δ) = Ui

p∑
j=1

Uj
[
Gij cos(δi−δj)+Bij sin(δi−δj)

]
, (5.31)

Qi(U , δ) = Ui

p∑
j=1

Uj
[
Gij sin(δi−δj)−Bij cos(δi−δj)

]
. (5.32)

The non-linear set of power flow equations for all AC buses can be solved using
a NR power flow, with the converter power injections Ps and Qs included in
the power mismatch vectors ∆P (j) and ∆Q(j) as negative loads. The power
mismatch vectors can be rewritten as

∆P (j)
i = P geni − (P demi − Psi)− Pi(U (j), δ(j)), (5.33)

∆Q(j)
i = Qgeni − (Qdemi −Qsi)−Qi(U (j), δ(j)). (5.34)

Converters in V-control are represented as dummy AC generators and their AC
buses are changed from PQ-nodes to PV-nodes. The active power injections of
the slack buses are changed in order to control the DC grid voltages. Without
lack of generality, the first converter of the DC grid is assumed to operate as
DC slack bus to simplify notation. As a first estimate to initiate the iteration,
the DC system is assumed to be lossless, hence

P (0)
s1

= −
k∑
j=2

Psj . (5.35)

For subsequent iterations, the solution from the previous iteration is used for
P

(k)
s1 .
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5.3.2 Converter Calculations

With the AC grid voltages Us and power injection at the AC grid side Ss

known, the converter side voltage and currents can be calculated. With (5.12) –
(5.13), the filter bus voltage Uf can be written as

Ufi = Usi + Ztfi ·
(
S∗si
U∗si

)
∀i < k. (5.36)

The converter current Ic can be extracted from (5.14), with Is rewritten using
(5.12)

Ici =
Usi
Zfi

+
(
S∗si
U∗si

)
·
Zfi + Ztfi

Zfi
∀i < k, (5.37)

which can be substituted in (5.10) to calculate the converter losses. The
converter voltage U c can be calculated as

U ci = Ufi + ZciIci , ∀i < k. (5.38)

With all quantities on the AC side known, the DC grid’s injected power becomes

Pdci = −Pci − Plossi , ∀i < k. (5.39)

5.3.3 Converter Limit Check

If the converter is operating outside its limits, the power injections are adapted
to ensure a safe operation. In general, a weighting factor can be used to give a
higher priority to active or reactive power. In this paper, priority is given to
active power. The grid injected power Ps can remain unaltered if intersections
with the capability chart can be found. If on the contrary Ps is too large, the
active power is limited to its maximum value and the reactive power is adapted
accordingly.

The current and voltage limits in (5.15) and (5.23) are circles in the PQ-plane.
Hence, with Ps known, the two reactive power limits imposed by the current
limit can be calculated as

Qs = Qo ±
√
r2 − (Ps − Po)2, (5.40)
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with the circle’s center So = Po + Qo and a radius r. The center point and
radius of the current limit are given by

So = −U2
s

(
1

Z∗f + Z∗tf

)
, (5.41)

r = UsIcmax

∣∣∣∣ Z∗f
Z∗f + Z∗tf

∣∣∣∣ . (5.42)

The two solutions refer to the upper and lower reactive power limit imposed by
the current limit.

Similarly, the voltage limits center point and radius are given by

So = −U2
s (Y ∗1 + Y ∗2) , (5.43)

r = UsUcmY2. (5.44)

Replacing Ucm in (5.44) with Ucmin or Ucmax and substituting (5.43) – (5.44)
in (5.40) gives an analytical expression for the lower and upper voltage limit
reactive power. Only the solution with the positive sign is of interest, as the
other solution refers to the lower crossing point with voltage limit circle.

The limit checks can be implemented similarly to those of generator limits: if
a converter is operating outside its active power limits, the setpoints must be
reduced to their maximum values. Additionally, it must be ascertained that the
DC slack buses are working within their bounds. Apart from the active power
violations, the converter’s reactive power must stay within limits. When a
Q-limit is hit, the most stringent reactive power limit imposes the new converter
operating point. If the converter is operating in V-control, the voltage controlled
bus also has to be changed to a PQ-bus. If one or more converters hit their
limits, the most stringent one is enforced and the convergence flag is reset.

Contrary to generator limits, which are often approximated by constant values,
the Q-limits of the converters are updated every iteration due to changing grid
conditions. As a consequence, it was found that simply enforcing the limits
during each iteration proved unsatisfactory1. Therefore, the setpoints are only
updated when the incremental change in apparent power exceeds a minimum
value of 1e-2 p.u. Alternatively, it was also found that checking the limits
after every iteration and only updating their value every three iterations led to
convergence as well. The algorithm should be properly tuned to achieve good
convergence.

1The fact that the limits differ from one iteration to another as a result of changing AC
system voltages, gave rise to convergence problems.
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5.3.4 DC Network Power Flow

Alternatively to the approach proposed in [123], the non-linear DC network
equations from (5.30) can be solved with a NR method(

Udc
∂Pdc

∂Udc

)(j)
· ∆Udc

Udc

(j)
= ∆Pdc

(j). (5.45)

The power mismatch vector ∆Pdc
(j) is given by

∆P (j)
dci

=
{
P

(k)
dci
− Pdci(Udc

(j)) ∀i ≤ k
−Pdci(Udc

(j)) ∀k ≤ i ≤ n
, (5.46)

with superscripts (j) and (k) respectively referring to the inner NR iteration
and the outer AC/DC power flow iteration. The terms of the Jacobian are(

Udcj
∂Pdci
∂Udcj

)(j)
= −2U (j)

dci
YdcijU

(j)
dcj
, (5.47)

(
Udci

∂Pdci
∂Udci

)(j)
= P

(j)
dci

+ 2 U (j)
dci

2 n∑
j=1
j 6=i

Ydcij . (5.48)

The equations and terms corresponding to the slack bus are removed since its
voltage is known prior to the DC network power flow. After convergence, the
voltages on all DC buses are known, while the slack bus power injection can be
found using (5.30). The DC line currents can be obtained by premultiplying
the DC bus voltage vector Udc by the system branch admittance matrices Ydcf
and Ydct, which are obtained as a byproduct of the construction of the DC bus
matrix Ydc.

5.3.5 DC Slack Bus Iteration

The AC bus active power injection Ps1 of the DC slack bus is calculated from
its DC power Pdc1 by accounting for the converter losses. As the converter
losses from (5.10) depend on the yet unknown converter current, an additional
iteration is needed to calculate the active power injection Ps1 . During this
iteration, the grid side voltage Us1

and reactive power injection Qs1 are kept
constant. Omitting the subscript 1 to simplify notations, the value of Pc is
iteratively updated according to

P (i)
c = −P (k)

dc − P
(i)
loss, (5.49)
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with the superscripts (i) and (k) respectively referring to the DC slack bus
iteration and the outer AC/DC power flow iteration. The converter losses Ploss
are calculated from (5.10) – (5.11). The previous AC network power flow results
are used to provide an initial estimate for the converter losses P (0)

loss.

A NR iteration based on U c and Uf as variables is internally used to update
the converter state in order to obtain a new value for P (i)

loss,
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(5.50)

with the functions F1 and F2 given by

F1(Us, U c, Uf ) = Pcf − Psf , (5.51)

F2(Us, U c, Uf ) = Qcf −Qsf −Qf . (5.52)

The power mismatches ∆P (j)
c and ∆Q(j)

s can be calculated by respectively using
(5.3) and (5.2) and are given by

∆P (j)
c = P (i)

c − Pc(U
(j)
f , U (j)

c ), (5.53)

∆Q(j)
s = Q(k)

s −Qs(U (k)
s , U

(j)
f ). (5.54)

The superscript (j) refers to the inner NR iteration. The elements of the
Jacobian matrix can be analytically derived from (5.1) – (5.9) directly and by
substitution in the expressions for F1 and F2. The results are given in the
Appendix. Fig. 5.6 shows the flow chart of the DC slack bus iteration.

In absence of the transformer, the active and reactive power injections can be
rewritten in terms of Us and U c as

Ps = −U2
sGc+UsUc[Gc cos(δs−δc)+Bc sin(δs−δc)], (5.55)

Qs = U2
sBcf+UsUc[Gc sin(δs−δc)−Bc cos(δs−δc)], (5.56)
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Figure 5.6: DC Slack bus iteration flow chart.

with Bc + Bf abbreviated as Bcf . By rewriting Qs, the Jacobian matrix
simplifies to a 2 × 2 structure retaining ∆δc and ∆Uc

Uc
as unknowns and the

derivates related to the Pc and Qs equations as Jacobian elements
(
∂Pc
∂δc

)(j) (
Uc

∂Pc
∂Uc

)(j)

(
∂Qs
∂δc

)(j) (
Uc

∂Qs
∂Uc

)(j)

[ ∆δ(j)
c

∆Uc
Uc

(j)

]
=
[

∆P (j)
c

∆Q(j)
s

]
, (5.57)

with
(
∂Pc
∂δc

)(j)
and

(
Uc

∂Pc
∂Uc

)(j)
given by the expressions in the Appendix and

the other elements of the reduced Jacobian matrix given by(
∂Qs
∂δc

)(j)
= −P (j)

s − U (k)
s

2
Gc, (5.58)

(
Uc
∂Qs
∂Uc

)(j)
= Q(j)

s − U (k)
s

2
Bcf , (5.59)

with Ps, Qs from (5.55) – (5.56) and Pc, Qc from (5.3) – (5.4) with Uf replaced
by Us. In absence of the converter filters, the equations can be reduced to the
forms derived in [158].
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Table 5.1: VSC converter data

Converter parameters Rating & Converter loss data
No. 1, 2 3 4, 6 5, 7

Xtr (p.u.) 0.1121 Pdc (MW) 100 200 200 100
Rtr (p.u.) 0.0015 ±Vdc (kV) 150 150 300 300
Bf (p.u.) 0.0887a a (MW) 1.103 2.206 1.103 2.206
Xc (p.u.) 0.16428 b (kV) 0.887 0.887 1.800 1.800
Rc (p.u.) 0.0001 crec (Ω) 2.885 1.442 5.94 11.88

cinv (Ω) 4.371 2.185 9 18
a Only included for converters 4 – 7.

When multiple DC grids and slack buses are present, all Jacobian matrices are
combined and solved simultaneously.

5.4 Simulation Results

This section presents simulation results of the proposed AC/DC power flow
algorithm implemented in the open-source Matlab toolbox, Matpower [159].
In the case of commercial closed-source AC power flow software, the model
has to be integrated with the coding level and not at the end-user level, hence
making the implementation less evident.

In this implementation, a tolerance of 1e-8 p.u. was used for the AC and DC
networks power flow, DC slack bus iteration and the overall iteration loop.
Results are presented on a modified version of the IEEE Two Area RTS-96
(MRTS) network [164]. A single-line diagram of the MRTS network is shown in
Fig. 5.7. In this MRTS network, the three interconnections between the two
areas have been replaced by MTDC systems: in the 138 kV system, line 107 –
203 has been replaced by a 3-terminal 150 kV MTDC system connecting the
two asynchronous systems with a 150 MW offshore wind farm (buses 301 and
302). In the 345 kV system, lines 113 – 215 and 123 – 217 have been replaced
by a 4-terminal 300 kV MTDC system. The parameters of the DC systems can
be found in Tab. 5.1. The 3-terminal DC system between buses 107 and 203
represents a filterless MMC VSC MTDC system, the 4-terminal MTDC scheme
includes low-pass filters and represents a 2-level PWM VSC MTDC system.

The three sequentially solved AC networks operate asynchronously, with
reference (slack) buses at 113, 213 and 302. A generator (U100), producing
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Figure 5.7: Modified two area RTS-96 system with 2 MTDC systems.
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Table 5.2: Power flow solution – MTDC system 1

Converter 1 2 3
Control Slack - Q P - V P - Q
Ps (MW) 66.84 75.00 -150.00
Qs (MVAr) 0.00 5.86 0.00
Us (p.u.) 1.025 1.000 1.050
δs (deg) -8.93 -4.88 -0.08
Pc (MW) 66.91 75.09 -149.67
Qc (MVAr) 11.75 21.50 56.40
Uc (p.u.) 1.042 1.038 1.120
δc (deg) 1.04 6.63 -20.73

Ploss (MW) 1.56 1.67 3.52
Pdc (MW) -68.47 -76.76 146.16
Udc (p.u.) 1.000 0.999 1.006

Table 5.3: Power flow solution – MTDC system 2

Converter 4 5 6 7
Control Slack - Q P - Q P - Q P - Q
Ps (MW) 124.43 -50.00 -135.00 50.00
Qs (MVAr) 0.00 0.00 0.00 0.00
Us (p.u.) 1.020 1.050 1.014 1.039
δs (deg) 0.00 10.11 10.25 14.60
Pc (MW) 124.67 -49.96 -134.72 50.04
Qc (MVAr) 31.36 -3.46 39.26 -3.14
Uc (p.u.) 1.061 1.042 1.062 1.033
δc (deg) 18.41 2.90 -9.89 21.96

Ploss (MW) 2.81 1.36 3.04 1.33
Pdc (MW) -127.49 48.60 131.67 -51.37
Udc (p.u.) 1.000 1.008 1.010 1.006

80 MW, at bus 107 and a generator (U76), producing 76 MW, at bus 201 have
been disabled and replaced by the production of 150 MW in bus 302. The active
power injections of the 4-terminal MTDC grid converters closely resemble the
line flows between the different zones in the original two-area MRTS network.
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All but one converters are set to reactive power control, working at unity power
factor. Tabs. 5.2 – 5.3 summarize the AC and DC powers and voltages of the
VSC converters connected to the 2 MTDC systems.

The power flow converges in 2 overall iterations with a flat start. In the first
overall iteration cycle, all grids need 4 internal iteration steps. In the second
overall cycle, the AC grid connected to the DC slack buses is the only grid
that needs 3 steps to converge, the other grids are already converged after the
first cycle. Compared to the situation without MTDC systems, the calculation
time increases with a factor 2.4, with the largest contributions resulting from
the repeated AC power flow (75%) and the DC slack iteration (21%). The DC
power flow is only responsible for 1.7% of the overall calculation time due to
the limited size of the DC grids compared to the AC grids. Since no converter
limits are encountered, enabling the limits does not increase the overall number
of iterations. However, the overall calculation time increases by a factor 1.3.

5.5 Conclusion

In this paper, a steady-state VSC MTDC model for power flow programs has
been developed. The model allows simulating multiple AC grids interconnected
by multiple DC grids. The approach demonstrated in this paper is general
and allows to include converter limits as well as different converter topologies
by either including converter transformers and/or low-pass filters. Simulation
results show the ability of the proposed model to fully represent MTDC systems
in power flow software and demonstrate how the model can be incorporated
with an open-source AC power flow analysis code.
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Appendix
The slack bus iteration Jacobian elements from (5.50) are(
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with the converter powers from (5.1) – (5.9).
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Abstract
This paper introduces MatACDC, the first open source program for power
flow analysis of mixed AC and DC grids. MatACDC’s functions are based on
state-of-the-art developments in the field of DC grids research. MatACDC
includes all the models needed to study the steady-state interaction of AC
and DC systems for a wide range of converter representations and control
functions. Any combination of multiple non-synchronized AC systems and
multiple DC systems can be solved. MatACDC is freely available and ideally
suited for researchers and students working in the field of DC grid steady-state
interactions and DC grid operation. MatACDC can also easily be extended
with user-defined functions. MatACDC is based on Matlab and has been
fully integrated with the AC system power flow routines from Matpower. This
paper presents the program’s basic features, implementation aspects, various
models, the description of the program flow as well as several examples of
possible user-defined extensions.
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6.1 Introduction

In recent years, the power engineering community is showing an increased
interest in DC grids or so-called supergrids. This can be mainly attributed to
the European plans of constructing a North-Sea grid using DC technology or a
pan-European DC supergrid [98]. For the analysis of a future meshed DC grid,
power flow software is needed. Such software must be capable of dealing with
power flow problems in complex hybrid AC/DC systems.

It is only fairly recent that commercial power flow packages started to address
the modeling of meshed DC systems. These commercial packages are often
characterized by a steep learning curve and a considerable cost, impeding
their use in basic research and education. The main disadvantage of these
programs is that the models are usually closed, hence not leaving ample room
for modifications to the models themselves.

As an alternative to commercial programs, a wide variety of Matlab-based
open-source alternatives has been reported in the literature, such as the Power
System Analysis Toolbox (PSAT) [165], Matpower [159] and MatDyn [166].
However, no open-source alternatives have been presented to study the steady-
state interactions between multiple AC and DC grids.

In this paper, a new open-source power flow program, MatACDC is introduced.
MatACDC is the first program of its kind allowing to study the steady-state
interactions between multiple non-synchronized AC grids and DC systems
based on Voltage Source Converter High Voltage Direct Current (VSC HVDC)
technology. Besides regular power flow models, a variety of converter models and
control representations, such as DC voltage droop control [128,143,146] have
been included, as well as a number of DC system contingencies (e.g. converter
outages). This makes the program ideally suited for researchers and students
working in the emerging field of DC grids. The program is freely available on the
internet [167] and a fully-documented user manual [168] and code are provided.
MatACDC is fully compatible with the power flow routines in Matpower,
which is available online [169]. The program has a similar syntax, code structure
and command line usage, which makes its use straightforward for persons who
are already familiar with Matpower.

The paper is structured as follows: Section 6.2 describes the implementation,
Section 6.3 introduces the models and Section 6.4 covers the program flow.
Section 6.5 discusses the inclusion of user-defined add-ons to the program.
Finally, Section 6.6 addresses simulation results.
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6.2 Implementation

6.2.1 Design Criteria

In the design phase, as much care as possible has been taken to integrate the
program seamlessly with Matpower, a power flow and optimal power flow
program in Matlab [159]. The package has been fully integrated with the
existing AC power flow routines developed in Matpower, while keeping the
Matpower original source code unaltered. The AC/DC power flow problem is
solved sequentially, meaning that the program solves the AC/DC power flow
by iterating between the AC systems and the DC systems. Doing so, the DC
system quantities remain unaltered during the AC system power flow, and vice
versa.

MatACDC shares the same philosophy as Matpower and MatDyn [166, 170]:
“It is intended as a simulation tool for researchers and educators that is easy to
use and modify.” [169]. The program has been designed such that Matpower
users can easily use MatACDC due to a similar program structure and many
similarities, such as

• MatACDC uses the Matpower power flow data case files.
• MatACDC uses similar DC system case files, with three distinctive data

matrices, busdc, convdc and branchdc, to store the information on the DC
system and the interconnection with the AC system. The choice of these
three data matrices is analogous to the subdivision in the bus, gen and
branch matrices in AC power flow.

• Similar to the power flow command runpf in Matpower, MatACDC uses
the runacdcpf command to run an AC/DC power flow:
>> runacdcpf(casefileac,casefiledc);
in which casefileac is the Matpower AC power flow data case file and
casefiledc the MatACDC DC power flow data case file.

• MatACDC also stores the results in Matlab structs:
>> [mpc, mpcdc] = runacdcpf(...);

• MatACDC uses an option vector similar to Matpower. For example,
printing the output can be suppressed by:
>> opt = macdcoption;
>> opt(13) = 0;
>> [mpc, mpcdc] = runacdcpf(casefileac,casefiledc,opt);

As depicted in Fig. 6.1, MatACDC can be used to study complex interconnected
systems with an arbitrary number of AC and DC systems. For convenience, the
AC and DC bus numbers forming the interconnections to respectively the DC
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Figure 6.1: Interconnected hybrid AC/DC system.

and the AC network have been sequentially numbered, starting from 1. Neither
the AC nor DC systems have to be limited to these interconnected buses. In
this example, AC systems 3 and 4 only share one converter with respectively
DC grids 1 and 2. These systems can represent relatively small systems, e.g.
island systems or (offshore) wind farms connected to the offshore systems, but
they can also represent larger AC systems that only have one interconnection
with the other AC systems in the grid.

6.2.2 Data Representation

Similar to the data representation in Matpower, MatACDC uses Matlab m-
files that return a Matlab struct. The fields of this struct are pol, baseMVAac,
baseMVAdc, busdc, convdc and branchdc. The fields pol, baseMVAac and
baseMVAdc are scalar values, the other fields are data matrices containing the
following data:

• busdc: DC bus data (bus numbers, active power withdrawals, voltages, ...)
• convdc: Converter station data (converter powers, voltages, loss data,

converter limits, impedance values, status, control modes, ...)
• branchdc: DC branch data (bus numbers, line resistance, ...)

Full details of the named matrix indices are found in the MatACDC manual
[168]. The aforementioned subdivision of the DC system data has been visualized
in Fig. 6.2. The structure is similar to the AC power flow data division into a
bus-, generator- and branchmatrix in Matpower.

MatACDC input data can have an arbitrary DC bus number associated
with any AC bus number. Internally, the bus indices are redefined so that
interconnected AC and DC buses have the same bus numbers. The bus
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Figure 6.3: AC/DC system interconnections (a) before and (b) after internal
bus renumbering.

renumbering allows full user flexibility while keeping the code straightforward.
This renumbering algorithm is depicted graphically in Fig. 6.3 for an
interconnected system of y AC grids with a total of v buses and x DC grids
with a total of w DC buses.

Each DC grid can have an arbitrary number of converter-connected DC buses,
as well as DC buses without an AC interconnection (e.g. DC bus 2 in grid 1
from Fig. 6.3a) and DC buses facing a converter outage (e.g. DC bus j in grid
1 from Fig. 6.3a). Similarly, each AC bus can either have a connection to the
DC system, or can be an AC bus without an interconnection.
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Figure 6.4: Equivalent single phase power flow model of a converter station
connected to the AC grid.

As suggested in Fig. 6.3b, the MatACDC sorting algorithm puts an emphasis
to the DC system and does not account for the different AC grids. The rationale
for this approach relies in the fact that the Matpower power flow routine
runpf, which is used for the AC system power flow, internally renumbers the
buses for each AC system.

6.3 Models

This section introduces the modeling of the AC/DC system, with an emphasis
on the implementation in MatACDC.

6.3.1 Converters

As seen from the AC Point of Common Coupling (PCC), the different
components of the VSC are:

• the converter transformer
• the AC filters
• the phase reactor
• the converter

AC Side Model

Fig. 6.4 shows the most general format of the converter’s AC side, consisting of a
controllable voltage source U c=Uc∠δc behind the phase reactor Zc = Rc + Xc,
a susceptance Bf presenting the filter and a transformer represented as a
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Us

Ztf Uf
Zc

U c

Ss Ssf Scf Sc

(a) no filter

Us

Bf

Zc

U c

Ss Sc

(b) no transformer

Us

Zc

U c

Ss Sc

(c) no filter, no transformer

Figure 6.5: Single phase model of a converter station, (a) omitting the filter,
(b) omitting the transformer and (c) omitting both filter and transformer.

complex impedance Ztf = Rtf + Xtf . Us=Us∠δs is the system voltage at the
PCC and Uf =Uf∠δf is the filter bus voltage.

In MatACDC the possibility is included to omit the transformer impedance Ztf
and/or the filter susceptance Bf , leading to the different simplified situations
depicted in Fig. 6.5. The model selection depends on the parameters specified
by the user:

• Full model (Fig. 6.4)
• No filter (Bf = 0, Fig. 6.5a):

– Omitting filters
– Filterless design, e.g. multilevel (modular) converter topologies.

• No transformer (Ztf = 0, Fig. 6.5b):
– Transformerless design

• No filter, no transformer (Bf = 0 & Ztf = 0, Fig. 6.5c):
– Transformerless and filterless design
– Simplified converter model (or pure inductive phase reactor when also

omitting Rc).

Converter losses are taken into account using a generalized loss formula. The
loss coefficients are defined independently for each converter in convdc. A
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(c) P – Udc droop

Figure 6.6: Converter steady-state operation characteristics.

distinction is made between rectifier and inverter operation.

Converter Control Representation

MatACDC includes three different converter representations with respect to
the active power and two different representations with respect to the reactive
power. These steady-state representations, depicted in Fig. 6.6 correspond to
three distinctive active power control modes, namely

1. P constant: Constant active power injection Ps into the AC grid (Fig. 6.6a).
2. Udc constant: Constant DC bus voltage Udc, irrespective of the active power

signal (Fig. 6.6b).
3. P – Udc droop: The active power injection into the DC grid Pdc depends on

DC bus voltage Udc (Fig. 6.6c).
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The droop control has setpoints for voltage and power, respectively Udc,0 and
Pdc,0, a voltage droop coefficient kdc and can include a symmetric voltage
deadband ∆Udc,0 as depicted in Fig. 6.6c.

The reactive power representation of the converter in MatACDC are:

1. Q constant: Constant reactive power injection Qs.
2. U constant: Constant AC bus voltage magnitude Us.

6.3.2 DC System Modeling

The DC networks is represented by a resistive network with current injections.
The DC grid power flow equations can be written as

Pdci = pUdci

n∑
j=1
j 6=i

Ydcij · (Udci − Udcj ), (6.1)

with Ydcij equal to 1/Rdcij and p = 1 for a monopolar system or p = 2 for a
monopolar symmetrically grounded or bipolar system. Combining these power
injections for the n buses results in

Pdc = p Udc ◦ (YdcUdc), (6.2)

with Ydc is the DC bus matrix and ◦ the Hadamard or entrywise product.

In case of a Udc−Pdc droop with deadband, the relationship between the active
power and the DC voltage is given by

Pdci = Pdc,0i −
1
kdci

(Udci − U ′dc,0i), (6.3)

with

U ′dc,0i =


U−dc,0i if Udci ≤ U−dci
Udci if U−dci < Udci < U+

dci
U+
dc,0i if U+

dci
≤ Udci

, (6.4)

with U−dc,0i = Udc,0i −∆Udc,0 and U+
dc,0i = Udc,0i + ∆Udc,0.

6.4 Program Flow

MatACDC uses the sequential AC/DC power flow algorithm from [131,171] to
solve the network. Fig. 6.7 summarizes converter AC and DC powers, voltages
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AC DC

Us,i
U c,j Udc,j

Ss,j Sc,j Pdc,j

Ploss,j

convdc busdc branchdc

Figure 6.7: AC/DC system interconnection.

and losses and how they are related to the data matrices. The AC representation
of the converter stems with one of the implementations depicted in Figs. 6.4 – 6.5.
The AC/DC power flow algorithm sequentially solves the AC and DC system
power flow, thereby respectively keeping all converter powers and voltages
constant. Fig. 6.8 shows the program flow structure. The remaining part of this
section briefly addresses how MatACDC internally implements the sequential
power flow algorithm.

In the mathematical description in this paper, the converter AC powers are
considered to be positive when injected in the AC network. For convenience,
DC powers are considered to be positive when injected into the DC system. In
the MatACDC input and output format, however, the positive direction of
all active powers stems with a power transfer from the DC to the AC system.
The description in this section is limited to one DC grid and one AC grid for
convenience, although the MatACDC algorithm does not pose any restrictions
on the number of AC and DC grids.

6.4.1 AC Grids Power Flow

MatACDC relies on the Matpower runpf routine for the AC system power
flow. There are two alterations to the standard usage of the runpf routine:

• Non-synchronized zones In case multiple AC grids are defined,
MatACDC extracts the AC system data for each zone and solves the
power flow of each AC grid one by one.

• Infinite buses In case only the DC system is of interest or in case an
AC zone only has one node, infinite bus systems can be defined. When
MatACDC runs the Matpower runpf routine these AC systems are left
out of the analysis.
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Figure 6.8: MatACDC program flow.

Initialization

To start the iteration, the system needs a first approximation of the converter
active power injections, which can be done by assuming a lossless DC system
and converters. Assuming the first converter to operate as a slack node, without
lack of generality, we can write the vector of AC power injections as

Ps = [Ps1︸︷︷︸
slack

, Ps2 . . . Psm︸ ︷︷ ︸
voltage droop

, Psm+1 . . . Psk︸ ︷︷ ︸
P−control

, 0 . . . 0︸ ︷︷ ︸
outage

]T . (6.5)
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Figure 6.9: Representation of converters in the AC system.

The initialization of the active powers is given by

P (0)
si =

{
−Pdc,0i ∀i : 2 ≤ i ≤ m
Psi ∀i : m+ 1 ≤ i ≤ n . (6.6)

The active power delivered by the DC slack bus is given by

P (0)
s1

= −
m∑
i=2

P (0)
si −

n∑
j=m+1

Psj , (6.7)

or, in case of multiple converters with a constant voltage

P (0)
sh

= −1
l

 m∑
i=l+1

P (0)
si +

n∑
j=m+1

Psj

 ∀h : 1 ≤ h ≤ l. (6.8)

Since multiple DC slack buses in a single DC grid might give rise to divergence
in the DC power flow and are not likely to be implemented in real systems,
this option has to be explicitly defined by the user. In general, a DC system
can also operate with all converters under droop control, provided that not all
converters include a deadband in the control.

Converter Representation

In the Matpower AC power flow routine runpf, the converters are represented
as shown in Fig. 6.9. Converters with a constant AC voltage are represented
as dummy AC generators and their AC buses are changed from PQ-nodes to
PV-nodes. Several situations can occur:

• No generator is present at the AC node: a dummy generator is added.
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• A generator (PQ-node) is present: the node is changed to a PV-node and only
the additional reactive power is considered to be delivered by the converter.

• A generator (PV-node) is present: the converter is set to constant reactive
power control instead.

The converter power injections Ps and Qs are included in the power mismatch
vectors ∆P (j) and ∆Q(j) as negative loads

∆P (j)
i = P geni − (P demi − Psi)− Pi(U (j), δ(j)), (6.9)

∆Q(j)
i = Qgeni − (Qdemi −Qsi)−Qi(U (j), δ(j)). (6.10)

6.4.2 Converter Limits

When the limits are enabled, the following situations may occur:

• When an active power controlling converter has an active power
setpoint outside of the PQ-capability chart, the active power order is reduced
to comply with the most stringent limit.

• When a DC voltage droop controlling converter hits a limit, the
converter is set to a constant active power injection equal to the maximum
converter active power limit.

• Similarly, when a reactive power controlling converter has a reactive
power setpoint outside of the PQ-capability chart, the reactive power order
is reduced to comply with the most stringent limit, provided that no active
power limit is hit. If this happens to be the case, active power is prioritized
when enforcing the limits.

• When an AC voltage controlling converter hits a reactive power limit,
the converter is set to a constant reactive power injection determined by the
most stringent limit. Similarly to the previous case, active power control is
prioritized when the active power limit is violated.

The DC slack converter is excluded from the analysis, but is checked at the
end of the power flow calculation. It is up to the user to redefine the converter
setpoints when it is observed that a limit is hit in this converter.

6.4.3 DC Grid Power Flow

After calculating the AC power flow, all converter powers and losses are
calculated to obtain the DC grid’s injected powers Pdc for the k DC buses to
which converters are connected. MatACDC uses a Newton-based iteration,
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based on (6.1) – (6.3) to calculate the DC grid power flow. For converters m+ 1
to k the DC power injection Pdc is known as a result of the AC power flow.
For the voltage droop converters 2 to m, only the DC power injection setpoints
Pdc,0 are known. A modified active power vector P ′

dc is defined such that

P ′
dc = [Pdc1︸︷︷︸

slack

, Pdc,02 . . . Pdc,0m︸ ︷︷ ︸
voltage droop

, Pdcm+1 . . . Pdck︸ ︷︷ ︸
P−control

, 0 . . . 0︸ ︷︷ ︸
outage

]T . (6.11)

The DC bus voltages are calculated with a Newton-Raphson (NR) method(
Udc

∂P ′
dc

∂Udc

)(j)
· ∆Udc

Udc

(j)
= ∆P ′

dc
(j)
, (6.12)

with the modified power mismatch vector ∆P ′
dc

(j) given by

∆P ′(j)dci
=


Pdc,0i − Pdc,0i(Udc

(j)) ∀i : 2 ≤ i ≤ m
P

(k)
dci
− Pdci(Udc

(j)) ∀i : m < i ≤ k
−Pdci(Udc

(j)) ∀i : k < i ≤ n
, (6.13)

and Pdc,0i(Udc
(j)) as

P
(j)
dc,0i = Pdci(Udc

(j)) + 1
kdci

(U (j)
dci
− U ′dc,0i), (6.14)

and superscripts (j) and (k) respectively referring to the inner NR iteration
and the outer AC/DC power flow iteration.

6.4.4 DC Slack and Droop Buses Iteration

The AC bus active power injection Ps of the DC slack and droop bus is unknown
and depends on the values of the DC power Pdc and the converter losses. As the
converter losses depend on the yet unknown converter current, an additional
iteration is needed to determine the active power injection Ps. If the converters
are considered to be lossless, this additional iteration disappears.

6.5 User-Defined Add-ons

In MatACDC, it is relatively straightforward to add user-defined functions
and models. As an illustration to an educational use of the program, we discuss
how a DC/DC converter, a current-based droop converter and an alternative
implementation of the slack bus can easily be added as models.



USER-DEFINED ADD-ONS 107

Idcij

+

−
Udci

=
=

NijIdcij

+

−
Udci/Nij

Rdcij Idcji
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Figure 6.10: DC line model with a DC/DC converter.

6.5.1 DC/DC Converter

In this example, we discuss a straightforward way to represent a DC/DC
converter in the power flow algorithm, by making an analogy to the
implementation of a combination of a line and a phase-shifting transformer in
Matpower. Fig. 6.10 represents the model of the DC/DC converter and the
line, with Nij the voltage ratio between the two sides of the DC/DC converter.
The current injections can be written as a function of the voltages at the two
ends as[

Idci
Idcj

]
= Ydc,ij

[
Udci
Udcj

]
, (6.15)

with the DC branch matrix Ydc,ij given by

Ydc,ij =
[
Ydcij/N

2
ij −Ydcij/Nij

−Ydcij/Nij Ydcij

]
. (6.16)

This can be implemented in the makeYbusdc routine by replacing the definition
for the branch matrix elements Ytt, Yff, Yft, Ytf by

N = branchdc(:, 8);
Ytt = Ys;
Yff = Ys ./ N.^2;
Yft = - Ys ./ N;
Ytf = - Ys ./ N;

in which, as an example, column 8 of the branchdc matrix has temporarily
been used to store the voltage ratios, with the default value for Nij equal to 1.
Alternatively to a constant voltage ratio, the converter can relatively easy be
modeled as e.g. a constant voltage drop by rewriting the voltage ratio Nij in
terms of the fixed voltage drop ∆UDCDCij

N
(l)
ij =

(
1−

∆UDCDCij
U

(l)
dci

)
, (6.17)
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and adding an additional iteration to the DC network power flow, with (l)
denoting this outer iteration index. The fixed voltage drops can e.g. temporarily
be stored in column 7 of the branchdc matrix

dVdcdc = branchdc(:, 7);

The aforementioned outer iteration is added to the runacdcpf routine using

branchdc(:, 8) = 1./(1- dVdcdc./Vdc(branchdc(i,F_BUSDC)));
Ybusdc = makeYbusdc( busdc, branchdc );
[Vdc, Pdc] = dcnetworkpf(Ybusdc, Vdc, Pdc,...);

A DC/DC converter with constant current/power can be implemented either in
a similar manner, or by splitting the DC network and defining opposite current
(or alternatively power) references for the two buses.

6.5.2 Current-Based Voltage Droop Converter

MatACDC uses a power-based voltage droop control. The droop control can
however relatively easy be changed to a current-based voltage droop control by
using

I
(j)
dc,0i = Idci(Udc

(j)) + 1
kdci

(U (j)
dci
− Udc,0i), (6.18)

with

Idc,0i = Pdc,0i
pUdc,0i

, (6.19)

the current reference. The DC current injections Idci can be rewritten as

Idci =
n∑
j=1
j 6=i

Ydcij · (Udci − Udcj ). (6.20)

The modified power vector P ′
dc from (6.11) is now replaced by a generalized

vector with unknowns Xdc such that

Xdc = [Pdc1︸︷︷︸
slack

, Idc,02 . . . Idc,0m︸ ︷︷ ︸
voltage droop

, Pdcm+1 . . . Pdck︸ ︷︷ ︸
P−control

, 0 . . . 0︸ ︷︷ ︸
outage

]T . (6.21)

The DC power flow problem from (6.12) can now be rewritten as(
Udc

∂Xdc

∂Udc

)(j)
· ∆Udc

Udc

(j)
= ∆Xdc

(j), (6.22)



USER-DEFINED ADD-ONS 109

with the modified Jacobian elements given by(
Udcj

∂Idc,0i
∂Udcj

)(j)
= −U (j)

dcj
Ydcij , (6.23)

(
Udci

∂Idc,0i
∂Udci

)(j)
=

 n∑
j=1
j 6=i

Ydcij + 1
kdci

U
(j)
dci
. (6.24)

The current-based droop characteristic can be implemented in the function
dcnetworkpf by defining the new variable Xdc from (6.21) as

Xdc = Pdc1;
Xdc(droop)=-Pdcset(droop)./(pol*Vdcset(droop));

Inside the DC network Newton-Raphson iteration, the values ofXdc are updated
each iteration cycle

Pdccalc = pol*Vdc.*(Ybusdc*Vdc);
Xdccalc = Pdccalc;

Idccalc = Pdccalc./(pol*Vdc);
Xdccalc(droop) = Idccalc(droop)+...

1./VIdroop(droop).*(Vdc(droop)-Vdcset(droop));

The modified Jacobian elements for the droop buses are given by (6.23) – (6.24)

J(droop,:) = Ybusdc(droop,:).*...
(ones(size(droop))*Vdc’);

J(drooplidx) = J(drooplidx)+ ...
1./VIdroop(droop).*Vdc(droop);

The incremental changes are solved by having

dXdc = Xdc-Xdccalc;
dV = J\dXdc;

with \the Matlab command to solve J.dV = dXdc.

6.5.3 Voltage Profile Equal to Unity

The slack bus in MatACDC has been implemented as a DC bus of which
the voltage is known prior to the power flow. Alternatively, it is possible to
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include an additional equation to the DC system power flow and update the
slack bus voltage each iteration cycle, e.g. to obtain a voltage profile resulting
in an average system voltage equal to unity by defining

Xdc1 = 1
n

n∑
j=1

Udcj , (6.25)

assuming the first bus to be the slack bus. The Jacobian elements are given by(
Udcj

∂Xdc1

∂Udcj

)(j)
=
U

(j)
dcj

n
. (6.26)

This is implemented in the function dcnetwork by predefining the slack bus
element in the unknown vector Xdc from the previous example by

Xdc(slack) = 1;

In the NR iteration loop, the following command is added

if ~isempty(slack)
J(slack,:) = Vdc/nb;
Xdccalc(slack) = sum(Vdc)/nb;

end

6.6 Case Study

MatACDC includes different case studies based on a 5-bus AC test system
including a 3-terminal DC system [131] and a modified version of the IEEE RTS
test system extended with 2 MTDC systems from [171]. In [172], MatACDC
has also been used to obtain steady-state values as a start for dynamic studies.

As an example, this paper shows the results of a preliminary DC Grid benchmark
test system based on the ongoing work in the CIGRÉ Working Group B4-58,
“Devices for Load flow Control and Methodologies for Direct Voltage Control
in a Meshed HVDC Grid” [132]. The DC network (depicted in black) has an
operating voltage of ±400 kV and consists of both overhead lines and cables.
The three AC networks (depicted in gray) A0AC-A1AC, B0AC-B3AC and
C1AC-C2AC have operating voltages of respectively 380 kV, 380 kV and 155 kV.
Buses A0AC, B0AC and C1AC have been chosen as the AC slack nodes for the
different AC grids. All converters have been modeled as lossless converters and
PQ-buses.
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Figure 6.11: MatACDC power flow solution of a mixed AC/DC test system.
Legend: → Active power (MW) and 9 Reactive power (MVAr).
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Converter B2 is under constant DC voltage control (slack node) and the
converters C1, C2, D1, E1 and F1 have a constant active power. All remaining
converters have a power-voltage droop of 2.5e-5 p.u./MW. The DC/DC converter
has been modeled as a constant voltage drop of 6.1e-3 p.u. and is programmed
as discussed in Section 6.5. Buses D1AC, E1AC and F1AC have been modeled
as infinite buses.

In this example, the program needs three overall iterations to converge. When
the AC grid is left out of the analysis by replacing all AC converter buses by
infinite buses, the execution time roughly changes to about 70%. Taking out
the DC/DC converter, which has been programmed as an external loop to the
DC grid power flow, lowers the execution time to about 73%.

6.7 Conclusion

In this paper, the software program MatACDC has been introduced. This
Matlab-based program is the first of its kind by providing an open source
tool to study steady-state interactions in hybrid AC/DC system for a variety
of converter control strategies and contingencies. The program allows to
study non-synchronized AC grids interconnected by different DC systems.
MatACDC is flexible and seamlessly integrated with the AC power flow
routines in Matpower. The code has been written to provide a maximum
user flexibility to define the AC and DC grids with arbitrary topologies, while
keeping the code easy to understand. The case study shows that the program
can easily be used to simulate complex AC/DC systems and that user-added
functions can easily be embedded.
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This paper discusses the extension of electromechanical stability models of
Voltage Source Converter High Voltage Direct Current (VSC HVDC) to Multi-
terminal (MTDC) systems. The paper introduces a control model with a
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taking over the DC voltage control in case the DC voltage controlling converter
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to share the power imbalance after a contingency in the DC system amongst
the converters in the system. Finally, the paper discusses two possible model
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The control algorithms and VSC HVDC systems have been implemented using
both MatDyn, an open source MATLAB transient stability program, as well as
the commercial power system simulation package EUROSTAG.

Keywords HVDC transmission control, Power system modeling, Power system
stability.

The first author is the main author of the article. The contributions of the first author include
the literature study, the development of the models, the software implementation in MatDyn,
as well as the co-analysis and co-interpretation of the simulation results.
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7.1 Introduction

Over the last decade, the power engineering world is showing an increasing
interest in Voltage Source Converter High Voltage Direct Current (VSC HVDC)
technology. In Europe, suggestions have even been made to construct a
new overlay DC grid based on VSC HVDC technology [98]. With these
prospects of extending the principles of VSC HVDC to Multi-terminal (MTDC)
configurations, the modeling and control of MTDC systems has become one
of the more prominent research topics. This paper introduces a generic
electromechanical stability model for MTDC systems with a distributed DC
voltage control. The focus of the paper is on the DC system itself and not on
the interconnected AC/DC system.

When modeling the MTDC system, a distinction is traditionally made based
on the level of modeling detail. ElectroMagnetic Transient Programs (EMTP)
accurately represent the switching dynamics and electromagnetic transients.
Averaged models and electromechanical stability models [123] have been used
to study alternative outer controller structures [80, 125, 173], and optimized
control settings [142, 146, 174] as well as dynamic interaction with the AC
system [129,175] and system frequency support [130,176]. Power flow algorithms,
as presented in [171], have been used to address the steady-state effects of a
distributed DC voltage control [131,177].

Significant work has already been carried out on the modeling and control of
MTDC systems. With the DC system voltage being the most crucial control
variable, most focus has been dedicated towards a distributed control of the
DC voltage at different converters. The two main control methods are voltage
margin control [124,125] and DC voltage droop control [128,129,142,146,174].

This paper builds upon the fundamental frequency modeling approach presented
in [123]. Two important extensions are added to the model. Firstly, current and
voltage limits are represented in detail in the current control loop and in the
outer controller. Secondly, a cascaded control structure is introduced in the outer
controller which allows power controlling converters to take over the voltage
control when the DC voltage controlling converter fails. The main innovation is
that this cascaded control structure for a two-terminal system, developed in the
framework of this paper, is extended in a systematic way to obtain a generalized
cascaded control scheme for MTDC systems. This generalized cascaded control
scheme can accommodate for voltage margin control as well as for voltage droop
control. The second contribution of the paper is the investigation of the effect
of the detailed modeling of the current and voltage limits, by comparing the
detailed model with a simplified model. The model has been developed and
and implemented in MatDyn [166] at KU Leuven and implemented and tested
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Figure 7.1: Single phase diagram converter station AC side.

in EUROSTAG [178] at Tractebel Engineering.

Sections 7.2 and 7.3 respectively provide a brief overview of the converter
and DC grid model and the control structure for a two-terminal VSC HVDC
system. In Section 7.4, this structure is extended to a MTDC system, resulting
in a voltage margin approach. Section 7.4 also discusses the inclusion of a
voltage droop in the control structure, enabling power sharing amongst different
converters in case of a converter outage. Section 7.5 analyzes reduced order
models and compares the results with those of the full model derived in the
paper.

7.2 Converter and DC Grid Modeling

The converter can be modeled as a controllable voltage source uc behind a
complex impedance Zc = Rc+ Xc connected to the Point of Common Coupling
(PCC), as shown in Fig. 7.1. This complex impedance comprises both the
converter reactance and the transformer.

Transforming the three-phase equations to a rotating dq-reference frame and
assuming the grid voltage us to be entirely oriented in the q-direction, the
converter equations become

Rcicq + Lc
dicq
dt

= ucq − ωLcicd − usq, (7.1)

Rcicd + Lc
dicd
dt

= ucd + ωLcicq. (7.2)

The assumption that the voltage at the PCC is entirely aligned with the q-axis
comes down to neglecting the effect of the Phase-Locked Loop (PLL).



116 DYNAMIC MODELING

1
1+τσ·s

u∗cq
−

−

+ucq 1
Rc+Lc·s

icq

usq

1
1+τσ·s

u∗cd
−

+ucd 1
Rc+Lc·s

icd

−ωLc
∆ucd

ωLc

∆ucq

Figure 7.2: Converter model block diagram.

A first order system models the time delay caused by the processing and
computation of the data and switching of the converter power electronics

ucq + τσ
ducq
dt

= u∗cq. (7.3)

A similar expression holds for ucd. Fig. 7.2 schematically depicts the model.

The DC lines are represented by a lumped π-equivalent scheme, as depicted in
Fig. 7.3. The DC voltage dynamics at bus i are determined by [123]

Cdci
dudci
dt

= idci +
i−1∑
j=1

idcij −
N∑

j=i+1
idcij , (7.4)

with Cdci = Cdc,ci +
N∑
j=1

Cdcij
2 , (7.5)

with udci and idci respectively the DC voltage and current at bus i, Cdc,ci the
converter DC capacitance, idcij the current in the branch between buses i and
j and Cdcij the branch capacitance.

When the DC current dynamics are taken into account by modeling lumped
inductances as shown in Fig. 7.3, the current dynamics of the branches connected
to bus i are modeled by

Ldcij
didcij
dt

+Rdcij idcij = udci − udcj , ∀1 ≤ j ≤ N, (7.6)
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Figure 7.3: DC side transient stability model.

with Rdcij and Ldcij the DC branch resistance and inductance. When the DC
current dynamics are neglected, as discussed in Section 7.5, the currents are
eliminated as state variables.

7.3 Two-terminal VSC HVDC Control

This section recapitulates the control of a two-terminal scheme, a full-detailed
description can be found in [179]. The first part briefly summarizes the decoupled
current control principles, with emphasis on the converter voltage limits. The
second part discusses different outer control loops. The third part proposes
an alternative implementation using a cascaded structure of an active power
controller and DC voltage controllers at the two converters in order to increase
overall redundancy.

7.3.1 Decoupled dq Current Control

The VSC is controlled in a rotating dq-reference frame that is synchronized
with the system voltage. Fig. 7.4 shows the inner current controllers, including
an anti-windup (AWU).

The voltage limits ucqlim and ucdlim are determined by the maximum modulation
factor mmax and the DC voltage udc. The maximum converter voltage
magnitude uclim can thus be written as

uclim = mmax · udc. (7.7)
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Figure 7.4: Decoupled inner current controllers.

The limits can be implemented such that the controller can give priority to
active or reactive power control. With the decoupling terms defined as

∆ucq = ωLcicd, (7.8)

∆ucd = −ωLcicq, (7.9)

a modified q-decoupling term can be defined as

∆u+
cq = ∆ucq + usq. (7.10)

When under voltage limitation, the terms ∆ucd and ∆u+
cq are prioritized over

the voltages that are used to control the currents. When prioritizing active over
reactive power control, ucqlim , the q-limit can be written as

ucqlim =



√
u2
clim
−∆u2

cd if |∆u+
c | ≤ uclim

uclim√
1 +

(
∆ucd
∆u+

cq

)2
if |∆u+

c | > uclim
, (7.11)

with the modified decoupling vector defined as ∆u+
c = ∆ucd + ∆u+

cq. The
voltage limit in the d-axis, ucdlim , can consequentially be expressed as

ucdlim =
√
u2
clim
− u∗cq2. (7.12)
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Figure 7.5: Outer active and reactive power controllers.

Alternatively, equal priority can be given to both d-and q-components by having

ucqlim = uclim√
1 +

(
u∗
′
cd

u∗′cq

)2
if |u∗c

′| > uclim , (7.13)

ucdlim = uclim√
1 +

(
u∗′cq

u∗
′
cd

)2
if |u∗c

′| > uclim , (7.14)

when under voltage limitations. In these expressions, u∗c
′ = u∗cd

′ + u∗cq
′ is the

value of the converter voltage references before limiting, as shown in Fig. 7.4.

7.3.2 Standard Two-terminal Outer Control

The current control components icq and icd are physically linked to the active
and reactive power that the VSC injects in the AC system. Fig. 7.5 shows the
outer active and reactive power PI controllers. As an alternative to the reactive
power controller shown in Fig. 7.5b, one can use the d-axis current to directly
control the voltage at the AC terminal. Reactive power control is not the main
focus of this paper and will not be discussed further.
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In a two-terminal scheme, one converters controls the active power (Fig. 7.5a)
whereas the other controls the DC voltage at its DC bus (Fig. 7.6). When
giving priority to active power over reactive power control, the current q- and
d-limits, respectively icqlim and icdlim in Figs. 7.5 – 7.6, are given by

icqlim = iclim , (7.15)

icdlim =
√
i2clim − i∗cq

2. (7.16)

Alternatively, equal priority can be given to the active and reactive power
control, by having

icqlim = iclim√
1 +

(
i∗
′
cd

i∗′cq

)2
if |i∗c

′| > iclim , (7.17)

icdlim = iclim√
1 +

(
i∗′cq

i∗
′
cd

)2
if |i∗c

′| > iclim , (7.18)

with i∗c
′ = i∗cd

′+i∗cq ′ the current reference before limiting, as shown in Figs. 7.5 –
7.6. Instead of giving equal priority to both control components, this formulation
can be generalized to prioritize one current component over the other, without
completely compromising the other, by defining a constant ratio α such that

icqlim = iclim√
1 + α2

if |i∗c
′| > iclim , (7.19)

icdlim = iclim√
1 +

( 1
α

)2 if |i∗c
′| > iclim . (7.20)

When observing the steady-state behavior of a converter when under current
limits, (7.15) – (7.16) results in the absence of any reactive power injected by
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the converter. The approach from (7.19) – (7.20) results in an operation at
constant power factor cosφc such that

cosφc = 1√
1 + α2

. (7.21)

This implementation guarantees operation at constant power factor and can be
of interest when the reactive power support provided to the AC network has to
be guaranteed when a converter limit is hit. The implementation from (7.15) –
(7.16) prioritizes active power, which makes it a suitable candidate for use in
a DC voltage controlling converter. The steady-state behavior resulting from
(7.17) – (7.18) on the contrary, depends on the values of the current reference
before limiting i∗c

′.

The reference currents are also reduced under AC fault conditions, to limit the
short circuit contribution by the converter [44]. This can be easily included
by having ic,dqlim = ic,dqlim,SC when the voltage at the PCC drops. Instead of
limiting the currents under fault conditions, the priority can also be shifted to
reactive power control to fulfill the grid code requirements concerning voltage
support [95].

7.3.3 Redundant Outer Control

One of the disadvantages of the control implementation from the previous part,
is that the control structure as such cannot cope with an outage or blocking
of the DC voltage controlling converter. Whereas an outage or blocking of the
power controlling converter only causes the power to drop, it does not cause a
system outage since the DC voltage controlling converter can still control the
DC voltage.

As the control of the DC voltage is crucial to the operation of the power system,
one can therefore duplicate the DC voltage control, as proposed in [44] for the
power synchronization control and mentioned in [51]. Fig. 7.7 shows a possible
control structure for such a cascaded power control that has been developed
in the framework of this paper. By implementing a correct control structure
depending on the DC voltage at the converter’s DC terminal, it is guaranteed
that only one converter at a time controls the DC voltage.

In the power controlling converter, the DC voltage is used both as a reference
signal and feedback signal as shown in Fig. 7.7, hence only ∆udc is retained
as an input to the DC voltage controller. By using the actual DC voltage udc
instead of a reference value u∗dc, one avoids counteracting actions of the DC
voltage controller when the DC voltage varies as a result of an active power or
DC voltage setpoint change at another converter in the system.
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Figure 7.7: Combined active power and DC voltage controller.

The controller ensures that the power is controlled as long as the voltage stays
within the limits uhidcmin and ulodcmax . As soon as the voltage drops below uhidcmin
or raises above ulodcmax , the controller switches to voltage control, controlling
the voltage to one of the reference values, respectively u∗dcmin and u∗dcmax . This
is expressed mathematically as

u∗dc =


u∗dcmin if udc ≤ uhidcmin
udc if uhidcmin < udc < ulodcmax

u∗dcmax if udc ≥ ulodcmax
, (7.22)

with

uhidcmin = u∗dcmin +Bdc, (7.23)

ulodcmax = u∗dcmax −Bdc, (7.24)

and Bdc a voltage deadband. As soon as the DC voltage reference changes to
either u∗dcmin or u∗dcmax , ∆udc is set to zero and the AWU of the active power
PI controller is activated to avoid an overshoot when the control switches back
to active power mode. The deadband Bdc prevents oscillating between the two
different operational regimes. The DC voltage can start increasing or decreasing
as a result of a power outage of the DC voltage controlling converter. By
providing a cascaded structure with an inner DC voltage control as described
above, a backup control is provided in case the DC voltage controlling converter
fails. The remaining converter can now continue to operate as a STATCOM.
In the next section, this cascaded general control structure will be used in a
MTDC network.
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Figure 7.8: Voltage margin control: P-V diagram.

7.4 Multi-terminal VSC HVDC Control

7.4.1 Voltage Margin Control

When the redundant control structure from the previous section is used in a multi-
terminal configuration, it operates as a so-called voltage margin control [125]
scheme, providing a backup DC slack converter in case the main slack converter
(or DC voltage controlling converter) fails. Fig. 7.8 shows the steady-state P-V
characteristics resulting from the control implementation as observed from the
DC side, thereby neglecting the converter losses. Pdclim is the active power limit
resulting from the icq-limit discussed in Section 7.3. Consequently, the actual
value of Pdclim depends on the voltage at the AC bus and the icqlim/icdlim ratio.
The voltage margin at different converters can be determined such that different
converters can take over the DC voltage control, given that only one converter
at a time can control the DC voltage.

Contrary to the two-terminal system, it is still possible to transfer power in
case the DC slack converter fails or blocks. Fig. 7.9 shows simulation results for
the voltage margin control implemented in the 4-terminal VSC HVDC system
from Fig. 7.10 using MatDyn, an open-source Matlab-based transient stability
program [166]. A modified Euler ODE solver was used with a step size of 2e-4 s.
The initial power flow solution from Fig. 7.10, with the DC slack converter at
bus 2, has been obtained using MatACDC, an open-source Matlab-based
AC/DC power flow program [167]. The power flow has been initialized such
that the average voltage is equal to unity. After the outage of the DC voltage
controlling converter 2, converter 3 initially tries to control the converter voltage
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Figure 7.9: Interactions of converters in the DC grid after outage of converter
2 (voltage margin control): (a) active power Ps to the AC grid and (b) DC
voltage udc (MatDyn simulation, including Ldc).

when its converter upper voltage limit udcmax is reached. Since its current limit
is hit, converter 3 is unable to control the converter voltage further, resulting in
a further increase of the DC system voltage, after which converter 1 takes over
the voltage control. The power in converter 4 remains unchanged because the
influence of the changing DC voltage is not fed back to the power controlling
converters as long as the voltage limits are not hit (see Fig. 7.7).
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Figure 7.10: Initial conditions of the test system.
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Figure 7.11: DC voltage droop control.

7.4.2 Voltage Droop Control

Alternatively, the voltage control can be distributed amongst different converters
by implementing a voltage droop control [128]. Fig. 7.11 shows how the droop
control can be integrated in the redundant control structure from Fig. 7.7
(shown in gray). Contrary to standard droop control schemes presented in the
literature, which do not contain an inner DC voltage control loop, cascading the
droop control as done in this paper has the advantage that upper and lower DC
voltage limits can still be included as for 2-terminal schemes, ensuring that the
DC voltage can still be controlled in case a converter is operating in islanding
mode, e.g. as a result of DC breaker actions. The DC droop control can be
implemented by letting

P ∗s = Ps,0 + 1
kdc

(udc − udc,0), (7.25)
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Figure 7.12: Voltage droop control: P-V diagram.

with P ∗s , the reference active power, depending on the setpoints of active power
Ps,0 and DC voltage udc,0 and the droop factor kdc. In [174], an alternative
approach has been proposed to use an adaptive droop control based on a
common voltage feedback signal instead of a local voltage measurement, thereby
requiring communication. The droop values can be optimized taking into
account the DC system dynamics, as done in [142] or both the AC and DC
system dynamics, as in [174]. Fig. 7.12 shows the steady-state characteristics
of the DC voltage droop when implemented as shown in Fig. 7.11. Similarly
to the voltage margin control, Pdclim results from the icq-limit. The udcmin-
and udcmax-limits can be included at some converter stations to prevent the
voltage from decreasing or increasing at a certain point. By setting udcmin and
udcmax respectively low and high enough, such that the Pdclim is hit before
hitting udcmin or udcmax , no voltage limits are active. Figs. 7.13 – 7.14 show the
results for the voltage droop control after an outage of converter 2, assuming a
1 p.u. power change corresponding to a 10 % voltage drop/increase. The results
were respectively obtained using MatDyn and EUROSTAG. EUROSTAG uses
an advanced symmetrically A-stable algorithm with variable step size that
guarantees constant accuracy as well as high speed simulation [180]. In these
simulations, the control scheme continues operating as a voltage droop scheme,
since no voltage limits were hit at any of the converters. Similarly to the results
in case of the voltage margin control in Fig. 7.9, converter 1 hits a current limit,
which is accounted for by the other converter’s droop action. The advantage of
this voltage droop over the voltage margin control, is that the power after the
converter outage is shared amongst the different droop-controlled converters
in the DC system, which makes the voltage droop control a suitable candidate
for an operation in large DC grids. The joint control action of the different
converters in the system also results in smaller voltage deviations.
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Figure 7.13: Interactions of converters in the DC grid after outage of converter 2
(voltage droop control): (a) active power Ps to the AC grid and (b) DC voltage
udc (MatDyn simulation, including Ldc).
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(a)

(b)

Figure 7.14: Interactions of converters in the DC grid after outage of converter 2
(voltage droop control): (a) active power Ps to the AC grid and (b) DC voltage
udc (EUROSTAG simulations, not including Ldc).
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7.5 Reduced Order Models

This section discusses to what extent it is possible to further reduce the order
of the model by disregarding some of the dynamics in the system. As discussed
in [181], the overall order of the DC system can be reduced by eliminating one
or more state variables. The models presented in this paper so far neglected
the actual switching dynamics but included all controls and limits. In transient
stability programs, the AC system is modeled by a set of steady-state equations,
thereby neglecting all network electrical transients. The remainder of the paper
will address modifications that can be made in the presented model and gives a
rationale for these simplifications, as well as some considerations when more
elaborated models should be used. A first part focuses on the DC grid dynamics,
a second part addresses the converter control.

7.5.1 DC Grid Model

In Fig. 7.3, the DC lines are modeled using π-equivalent schemes. This
lumped representation incorporates the most significant DC oscillations. When
interactions of the DC circuit and the converter control or switching harmonics
are of interest, more accurate frequency-dependent cable models, as used in [182],
combined with detailed switching models are more appropriate.

When, on the contrary, the DC grid model is intended to be used in AC transient
stability software, the question arises to what extent the DC dynamics have
to be represented. This observation is justified by the fact that it is common
practice to disregard all electromagnetic transients in the AC system as well.
But contrary to the phenomena studied in the AC system in transient stability
studies, the converter control interactions that are included in the DC model
are determined by the voltage and current dynamics in the DC system.

In two-terminal systems, it is common practice to represent the DC network by
one single DC bus with an equivalent capacitance. In this way, the overall DC
grid voltage dynamics used to tune the DC voltage controller are incorporated
in the model. However, this model reduction does not reveal any information on
the power flows in the DC system before and after a contingency, which can be
an oversimplification when modeling DC grids. It also impedes to determine the
actual DC voltage droop control settings: although the overall voltage dynamics
are preserved, the DC voltage profile that leads to different voltage setpoints
for all converters is not accounted for.

Alternatively, the model can be reduced by disregarding the DC line inductances.
This eliminates the DC line currents as state variables in (7.6) while keeping the
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Figure 7.15: Voltage droop control after outage of converter 2: effect of including
Ldc on udc3 (MatDyn simulation).

DC voltages as state variables. Contrary to what one would expect, eliminating
the inductances can decrease the minimum step size of the solver as the DC
dynamics are then dictated by the time constants RdcCdc. In the results
presented in the previous part, Ldc has been respectively included for the
MatDyn results (Figs. 7.9 and 7.13) and neglected for the EUROSTAG results
(Fig 7.14). Fig. 7.15 show the effect of neglecting the DC inductances for the
DC voltage at converter 3 when under voltage droop control. Fig. 7.15 shows
the results for MatDyn. Including the inductances in EUROSTAG led to similar
results.

7.5.2 Converter Control Reduction

As suggested in [181], the converter dynamics can be easily neglected by
eliminating the first order system representing the converter switching from
Fig. 7.2. The possibilities to reduce the order of the converter and controller
model further is somewhat limited by the presence of the current and voltage
limits. Although these converter limits can be disregarded when undertaking
small signal stability studies, they are crucial with respect to the dynamic
response and steady-state working conditions of the system. This can be
illustrated by observing the dynamics incorporated by the voltage limits.

When approximating the current controller by an equivalent first-order system,
these voltage limits are no longer taken into account. A way of dealing with
this is limiting the reactive power reference, which can be written in function of
the voltage limits. While this should give correct results for the steady-state
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Figure 7.16: Small active power step change in a two-terminal system.

values, the dynamics could be different: one would expect a slower response
when the voltage limit is activated.

This is illustrated in a simulation example. A 20% active power step at t=0.5 s,
and a 100% active power step at t=1.0 s is simulated. The simulation has been
performed for three different models: the model with voltage limit included,
the model with voltage limit neglected, and the model with simplified current
controller. In Fig. 7.16, a close-up around t=0.5 s is shown. For the 20% step,
the results of the three models correspond well. In Fig. 7.17, a close-up around
t=1.0 s is shown. For this larger step, it can be clearly seen that the dynamic
behavior of the model with voltage limit is different. The rise time is slower and
the maximum value of power in the first swing is higher (73 MW vs. 55 MW).
This is not captured in the simplified model. The lower graph shows the voltage,
which is limited at 1.05 p.u. for the model with limit. The full simulation is
shown in Fig. 7.18. It is left to the appreciation of the reader if and in which
situation neglecting the voltage limit is acceptable.

Similar to the voltage limits, the current limit also has its impact on the
steady-state operation and the dynamic response. The effect on the steady-state
operation can be observed from Figs. 7.9 and 7.13 – 7.14, where converter 3
hits a current limit.
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(a)

(b)

Figure 7.17: Large active power step change in a two-terminal system: (a)
active power Ps and (b) converter voltage ucq.
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Figure 7.18: Active power step changes: full simulation results.

7.6 Conclusion

In this paper, a general electromechanical multi-terminal VSC HVDC model has
been presented. The salient features of the model are that it has a generalized
cascaded control scheme for MTDC systems that allows for voltage margin and
voltage droop control and that current and voltage limits are represented in
detail. A strategy to cope with a loss of the voltage controlling converter in a
two-terminal system is generalized to voltage margin control for multi-terminal
system and the model has been extended to include distributed DC voltage
control. It is shown by simulations how the limits influence the dynamics and
what the effects are of neglecting converter limits. The results indicate that
reduced order models approximate the detailed model well. The model has
been implemented in the open-source, Matlab-based shell, MatDyn, as well as
in a commercial power system simulation software, EUROSTAG, and has been
tested on a four-terminal VSC HVDC system.
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8.1 Introduction

Since its introduction in the late 1990s, the power engineering community’s
interest in Voltage Source Converter High Voltage Direct Current (VSC HVDC)
technology has increased significantly. The technology is also the preferred
candidate for offshore DC grids or a DC supergrid [98], due to the good
prospects the technology has when it comes to an operation in a multi-terminal
(MTDC) set-up. In recent year, the modeling and control of these multi-terminal
configurations has gained significant interests in the research community.

Much research has been focusing on the use of a so-called voltage droop control
[127, 128], as an alternative to the earlier proposed voltage margin control
schemes [124–126]. A voltage droop control is a truly distributed control, in
the sense that different converters independently contribute to the DC voltage
control at the same time. After the primary response caused by the droop control,
a slower secondary control can be implemented to bring the average voltage
back to unity. Alternatively, the mere objective of such a slower secondary
response can be to reschedule the power flows between the different zones, as
discussed in [114].

In the literature, the voltage droop control has been modeled in different ways.
A general distinction can be made between power-based [127–129,140,174,177]
and current-based [111, 141–143] droop control, depending on whether the
droop control is expressed in terms of active power or DC current. A power-
based droop control seems the most obvious option from a AC grid perspective.
However, the current-based variants result in a linear control of the voltage in the
network. Alternatively, a deadband can be included in the droop control [129],
or the droop control can be combined with a constant voltage control. So far,
little effort has been undertaken to compare the many different droop control
concepts.

Until recently, most research efforts have been dedicated towards the dynamic
control behavior of the voltage droop. And although droop control is primarily
intended for a fast coordinated response to share the power deficit caused by
a contingency, the droop characteristics also have an influence on the steady-
state power flows, as discussed in [131,177]. However, little research has been
undertaken so far to link the results obtained using power flow models with the
steady-state values of the dynamic simulations.

The main contribution of this paper is the development, the analytical derivation
and comparison of a wide variety of voltage-droop characteristics. First, the
paper introduces a clear and concise overview and corresponding generalized
analytical models, both for a steady-state and dynamic implementation. Doing
so, this paper aims at linking dynamic implementations of various droop control
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schemes on the one hand and their representation in power flow programs on
the other hand. The models are derived for both power- and current-based
droop control schemes that can also be combined with a deadband or a constant
voltage control. The fundamental frequency modeling approach from [123] is
used for the dynamic simulations. The steady-state implementation starts from
the Multi-terminal VSC HVDC power flow model presented in [131,171]. It is
shown that, when adequately modeled, the overall effect of the droop control on
the voltages and converter powers gives rise to similar results. Second, the paper
compares the dynamic responses as well as the post-fault steady-state results
obtained using a power flow analysis for different droop characteristics. Third,
the paper introduces a slower Optimal Power Flow (OPF)-based secondary
voltage control that brings the average voltage profile back to pre-fault operating
conditions.

The remainder of this paper is organized as follows: Section 8.2 provides a
general discussion on the converter control characteristics and different DC
voltage droop characteristics and implementations, both in the control models
as in the steady-state representation. Section 8.3 introduces the secondary
voltage control that brings the DC voltage profile back in line with pre-fault
operating values. Finally, section 8.4 presents the simulation results.

8.2 Primary Control – DC Node Voltage Control

8.2.1 General Converter Control Principles

The inner VSC current control loops are implemented in a rotating dq-reference
frame [39]. A number of control functions can be distinguished with respect to
the q-current component, which is aligned with the AC system voltage us and
thus linked with the active power:

1. Pac constant: Constant active power injection into the AC grid.
2. Pdc constant: Constant active power injection into the DC grid.
3. Idc constant: Constant DC current injection into the DC grid.
4. Udc constant: The current order is changed to control the DC bus voltage

Udc to a constant value.
5. Udc droop: Dependent on the actual value of the DC bus voltage Udc, the

current order is changed.

Similarly, different control options can be defined for the d-component of the
converter current, such as constant Q or constant U . The control of reactive
power will not be discussed further in this paper.



138 DC VOLTAGE DROOP CONTROL COMPARISON

χ0

Udc,0
kdc

χ

Udc

(a) Standard droop control
χ0

Udc,0

kdc

U+
dc,0

U−dc,0

∆Udc,0

χ

Udc

(b) Constant power/current deadband

χ−0
χ0 χ+

0

Udc,0
kdc

∆χ0

χ

Udc

(c) Constant voltage deadband

Figure 8.1: Converter voltage droop characteristics.

8.2.2 General Droop Definition

Depending on the variable chosen, the droop control law can be defined in
different ways:

1. Udc−Pac droop: AC active power reference P ∗s changes.
2. Udc−Pdc droop: DC power reference P ∗dc changes.
3. Udc−Idc droop: DC current reference I∗dc changes.

Using existing control concepts from two-terminal schemes, the Udc−Pac droop
option seems the most straightforward option. From a system’s point of view,
the Udc−Idc droop relation is the one that is directly linked to the voltage
dynamics in the DC system. Alternatively, the droop equation can be based on
the active DC power (Udc−Pdc).
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The general droop control law as depicted in Fig. 8.1a is defined as

χ = χ0 −
1
kdc

(Udc − Udc,0), (8.1)

with χ a generalized variable, defined as

χ =

 −Ps AC power-based droop
Pdc DC power-based droop
Idc DC current-based droop

, (8.2)

with Ps the active power at the Point of Common Coupling (PCC). Hereby
we make the convention that the AC and DC powers and currents are positive
when respectively injected into the AC and DC system.

Alternatively, a deadband can be included by rewriting the droop characteristics
such that

χ = χ0 −
1
kdc

(Udc − U ′dc,0), (8.3)

with

U ′dc,0 =


U−dc,0 if Udc ≤ U−dc,0
Udc if U−dc,0 < Udc < U+

dc,0
U+
dc,0 if U+

dc,0 ≤ Udc
, (8.4)

with U−dc,0 = Udc,0 −∆Udc,0 and U+
dc,0 = Udc,0 + ∆Udc,0 and ∆Udc,0 the width

of half of the deadband as in Fig. 8.1b.

In the deadband droop control from (8.3) – (8.4), a constant power (or current)
is combined with a droop control. It is equally possible to combine a constant
voltage control with a droop control, as shown in Fig. 8.1c. In this case, the
droop characteristics are described by

Udc = Udc,0 if χ−0 < χ < χ+
0

χ = χ−0 − k
−1
dc (Udc − Udc,0) if χ ≤ χ−0

χ = χ+
0 − k

−1
dc (Udc − Udc,0) if χ+

0 ≤ χ
. (8.5)

Alternatively, as first proposed in [144] and also studied in [112], a combination
of different droop gains can be used, resulting in a piecewise linear droop
characteristic. It is also possible to use the square of the DC voltage for direct
voltage control [44] or for droop control, as first proposed in [113] and later
used in [174].

In [112,113,174], different approaches have also been proposed and investigated
to use a common (voltage) feedback signal for all converters instead of the
local voltage values and to change the droop values, depending on whether
communication is available or not.
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Figure 8.2: Voltage droop combined with active power controller.

8.2.3 Dynamic Implementation

Dynamically, the droop control can be implemented in various ways. The droop
control law can either be linked directly with the inner current controllers as
done in [142,143,146] or it can be integrated with an active power control, as
shown in Fig. 8.2 in which a power change ∆Ps is added to the power setpoint
Ps,0.

Power-Based Droop Control

The AC power-based droop is the most straightforward way of implementing a
droop control from a dynamic point of view. The control law can be defined
as (8.1) or (8.3) with χ and χ0 replaced by respectively −Ps and −Ps,0, the
negative of the AC active power setpoint or its reference. With the incremental
power ∆Ps = Ps − Ps,0, the control law can be rewritten by having

∆Ps = 1
kdc

(Udc − Udc,0), (8.6)

or in case of a power deadband

∆Ps = 1
kdc

(Udc − U ′dc,0), (8.7)

with U ′dc,0 defined as defined in (8.4). These control laws can directly be included
in the control structure from Fig. 8.2.

It is common practice to neglect the converter losses in the dynamic analysis,
as e.g. done in [127–129, 140–143, 146, 174, 177]. This simplification has also
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been used in this paper and implies that a Udc−Pac and Udc−Pdc droop lead
to the same results.

Current-Based Droop Control

In case of a current-based droop control, the droop equation is rewritten as

Idc = Idc,0 −
1
kdc

(Udc − Udc,0). (8.8)

The droop equation can be rewritten in terms of an active power deviation
∆Pdc or also ∆Ps when neglecting the converter losses.

Hence, considering the intersection Udc,I0 of the droop characteristic with the
Udc-axis in Fig. 8.1a, the droop equation (8.8) can be rewritten as

Idc=−
1
kdc

(Udc − Udc,I0), (8.9)

with

Udc,I0=Udc,0 + kdcIdc,0. (8.10)

With the active DC power Pdc defined as

Pdc = pUdcIdc, (8.11)

and p = 1 for a monopolar system or p = 2 for a monopolar symmetrically
grounded or bipolar system, the active power deviation ∆Pdc is rewritten as

∆Pdc=Pdc − Pdc,0, (8.12)

=p (UdcIdc − Udc,0Idc,0) . (8.13)

Substituting Idc,0 for Idc in (8.9) and substituting the obtained expression for
Idc,0 in (8.13) together with Idc from (8.9), ∆Pdc becomes

∆Pdc = − p

kdc

[(
U2
dc − U2

dc,0
)
− Udc,I0 (Udc − Udc,0)

]
. (8.14)

In case of a constant current control (or deadband) as in Fig. 8.1b, ∆Pdc
becomes

∆Pdc = ∆Pdc1 + ∆Pdc2 , (8.15)
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Figure 8.3: Current-based droop control: active power contributions.

with the two contributing terms ∆Pdc1 and ∆Pdc2 given by

∆Pdc1=− p

kdc

[(
U2
dc − U ′2dc,0

)
− U ′dc,I0

(
Udc − U ′dc,0

)]
, (8.16)

∆Pdc2=pIdc,0(U ′dc,0 − Udc,0), (8.17)

with U ′dc,0 as defined in (8.4) and U ′dc,I0 defined as

U ′dc,I0=U ′dc,0 + kdcIdc,0. (8.18)

As shown in Fig. 8.3, the first term ∆Pdc1 stems from the actual droop
implementation and is zero when the current is constant. The second term ∆Pdc2

corrects for the deadband and the resulting power variation under constant
current control due to the change in DC voltage.

Droop Control with Constant Voltage Deadband

In case a constant DC voltage control is combined with a droop control, as in
Fig. 8.1c, the DC voltage control law from (8.6) can be implemented using a
cascaded control structure as shown in Fig. 8.4. The active power controller
with droop control from Fig. 8.2 has been cascaded with an inner DC voltage
PI controller.
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The constant DC voltage control law is given by

U∗dc =
{
Udc,0 if |i∗cq − icq,0| < ∆icq,0
Udc if |i∗cq − icq,0| ≥ ∆icq,0

, (8.19)

with icq,0 = Ps,0/usq and ∆icq,0 = ∆Ps,0/usq and usq the system voltage. This
means that the DC voltage control is only active when the control efforts are
within the limits dictated by P−s,0 and P+

s,0. The active power controller is only
active when the controller operates outside of the constant voltage region, by
letting

P ′s,0 =
{
P−s,0 if i∗cq − icq,0 ≤ −∆icq,0
P+
s,0 if i∗cq − icq,0 ≥ ∆icq,0

. (8.20)

When the DC voltage control is active, the active power contribution in the
voltage reference ∆udc is put equal to zero and the anti-windup (AWU) of the
PI power controller is activated.

In case of a power-based control, ∆Ps can be taken directly from (8.6). In case
of a current-based control, the current values I−dc,0 and I+

dc,0 can be written in
terms of active power

P−dc,0 = p Udc,0I
−
dc,0, (8.21)

P+
dc,0 = p Udc,0I

+
dc,0. (8.22)

The active power deviation corresponding to the voltage deviation can be derived
from (8.14)

∆Pdc = − p

kdc

[(
U2
dc − U2

dc,0
)
− U ′′dc,I0 (Udc − Udc,0)

]
, (8.23)

with

U ′′dc,I0=Udc,0 + kdcI
′
dc,0, (8.24)

and I ′dc,0 respectively I−dc,0 and I+
dc,0 for the two droop-controlled regions.

Assuming a lossless converter, P−s,0, P
+
s,0 and ∆Ps are given by the negative of

the values from (8.21) – (8.23).

8.2.4 Steady-State Representation

The steady-state effects of a droop control can be studied by including the droop
characteristics in a DC system power flow algorithm. In this paper, emphasis is



PRIMARY CONTROL – DC NODE VOLTAGE CONTROL 145

put on the DC grid power flow. The integration of droop characteristics in a
mixed AC/DC power flow algorithm was first discussed in [131].

In a generalized DC grid with n buses, the power flow equations can be written
as

Idci =
n∑
j=1
j 6=i

Ydcij · (Udci − Udcj ), (8.25)

or in terms of active powers

Pdci = pUdci

n∑
j=1
j 6=i

Ydcij · (Udci − Udcj ), (8.26)

with Ydcij the DC branch admittances equal to 1/Rdcij .

Power-Based Droop Control

In case of a power-based droop, the active power injections in the network are
not known in advance and depend on the DC grid power flow solution. The
DC powers of the constant power controlled buses are known prior to the DC
grid power flow. A modified active power vector is defined P ′

dc, such that

P ′
dc = [Pdc1︸︷︷︸

slack

, Pdc,02 . . . Pdc,0m︸ ︷︷ ︸
U−P droop

, Pdcm+1 . . . Pdcn︸ ︷︷ ︸
P−control

]T . (8.27)

Including a constant power deadband, Pdc,0i is defined as

Pdc,0 = Pdc + 1
kdc

(Udc − U ′dc,0), (8.28)

the DC bus voltages are calculated with a Newton-Raphson method(
Udc

∂P ′
dc

∂Udc

)(j)
· ∆Udc

Udc

(j)
= ∆P ′

dc
(j)
, (8.29)
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with the Jacobian terms given by(
Udcj

∂Pdci
∂Udcj

)(j)
= −pU (j)

dci
YdcijU

(j)
dcj
, (8.30)

(
Udci

∂Pdci
∂Udci

)(j)
= P

(j)
dci

+ p U
(j)
dci

2 n∑
j=1
j 6=i

Ydcij , (8.31)

(
Udcj

∂Pdc,0i
∂Udcj

)(j)
=

(
Udcj

∂Pdci
∂Udcj

)(j)
, (8.32)

(
Udci

∂Pdc,0i
∂Udci

)(j)
=

(
Udci

∂Pdci
∂Udci

)(j)
+ α

(j)
i , (8.33)

with

α
(j)
i =

{
k−1
dci
U

(j)
dc,i if U (j)

dci
6= U ′dc,0i

0 if U (j)
dci

= U ′dc,0i
, (8.34)

and the power mismatches by

∆P ′(j)dci
=
{
Pdc,0i − Pdc,0i(Udc

(j)) ∀ 1 < i ≤ m
Pdci − Pdci(Udc

(j)) ∀ m < i ≤ n
, (8.35)

with Pdci(Udc
(j)) given by (8.26) and Pdc,0i(Udc

(j)) as

P
(j)
dc,0i = Pdci(Udc

(j)) + 1
kdci

(U (j)
dci
− U ′dc,0i). (8.36)

Current-Based Droop Control

In case of a current-based droop control a vector with unknowns Xdc can be
defined such that

Xdc = [Pdc1︸︷︷︸
slack

, Idc,02 . . . Idc,0m︸ ︷︷ ︸
U−I droop

, Pdcm+1 . . . Pdcn︸ ︷︷ ︸
P−control

]T . (8.37)

The power flow problem from (8.29) can now be written as(
Udc

∂Xdc

∂Udc

)(j)
· ∆Udc

Udc

(j)
= ∆Xdc

(j), (8.38)
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with the modified Jacobian elements given by(
Udcj

∂Idc,0i
∂Udcj

)(j)
= −U (j)

dcj
Ydcij , (8.39)

(
Udci

∂Idc,0i
∂Udci

)(j)
= U

(j)
dci

n∑
j=1
j 6=i

Ydcij + α
(j)
i , (8.40)

with α(j)
i from (8.34).

Droop Control with Constant Voltage Deadband

The combination of a droop control and a constant voltage control can be
implemented by adding an outer loop to the DC grid power flow. The respective
bus is either initiated as a droop-controlled bus or a constant voltage bus.

In case of a power-based droop control, the active power setpoint Pdc,0 in (8.27)
has to be replaced with

P−dc,0= Pdc + k−1
dc (Udc − Udc,0) if Pdc ≤ P−dc,0, (8.41)

P+
dc,0= Pdc + k−1

dc (Udc − Udc,0) if Pdc ≥ P+
dc,0. (8.42)

When, as a result of the DC grid power flow, the active power deviation
|Pdc−Pdc,0| < ∆Pdc,0, the respective node is set to a constant voltage node and
the DC power flow is repeated until no change in operation regime is detected
between two subsequent iteration cycles.

Similarly, in case of a constant current droop, the current setpoint Idc,0 in (8.37)
is replaced with either I−dc,0 or I+

dc,0. The other equations remain valid.

8.3 Secondary Voltage Control

The initial control action, for which the implementation has been discussed in
the previous section, is instantaneous and aims at limiting the voltage rise or
drop after a contingency. Afterwards, one of the objectives of a slower secondary
control could be to bring the average DC voltage back to pre-fault operating
conditions by changing the voltage and power setpoints of the converters. The
optimization problem takes the form

min f(x), (8.43)
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subject to

h(x) = 0, (8.44)

xmin ≤ x ≤ xmax. (8.45)

After defining an optimization vector x with

x =
[
Pdc

Udc

]
, (8.46)

the objective of this secondary voltage control scheme is to leave the power
injections unaltered to the maximum extent, hence

f(x) = min
n∑
i=1

(Pdci − Pdc1i)2, (8.47)

with Pdc1 the DC power injections before the secondary voltage control action.
The problem is subject to the DC power flow equations and an equation to
force the average system voltage to unity,

hi(x) = pUdci

n∑
j=1

Ydcij
(
Udci − Udcj

)
− Pdci ∀1 ≤ i ≤ n, (8.48)

hn+1(x) =
n∑
j=1

Udci − n. (8.49)

In case there are n − m constant power controlled buses as in (8.27), their
setpoints are kept constant by including

h(x) = Pdci − Pdc1i ∀m+ 1 ≤ i ≤ n, (8.50)

as equality constraints. A similar approach holds for converters facing an outage.
The converter current limits can be represented by including limits to the active
DC power, thereby neglecting the change in converter losses and AC system
voltage.

As an alternative, the DC currents could replace the powers as optimization
variables

x =
[
Idc

Udc

]
, (8.51)
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Figure 8.5: Initial conditions of the test system.

resulting in

f(x) = min
n∑
i=1

(Idci − Idc1i)2, (8.52)

hi(x) =
n∑
j=1

Ydcij (Udci − Udcj )− Idci ∀1 ≤ i ≤ n, (8.53)

hn+1(x) =
n∑
j=1

Udci − n. (8.54)

This yields the advantage that the equality constraints become linear. Under the
assumption that all converters can change setpoints, the solution to this problem
is the trivial solution in which the DC current injections are kept constant and
the entire voltage profile is shifted to obtain a unity voltage profile.

8.4 Simulation Results

8.4.1 Test System

In this section, simulation results are discussed for the different droop control
strategies, implemented in a 4-terminal VSC HVDC system of which the
initial status is shown in Fig. 8.5. The power flow results, encompassing
both the initial results and the steady-state results after an outage, have been
obtained using MatACDC, an open-source Matlab-based AC/DC power flow



150 DC VOLTAGE DROOP CONTROL COMPARISON

program [167]. The code has been modified to include the different steady-
state droop implementations discussed in this paper. The dynamic results
have been obtained using MatDyn, an open-source Matlab-based transient
stability program [166] using average converter models, that have been tested
and compared to a detailed EMTP type model [123]. The droop control has
been added as external control loops, the inner loops are implemented using
a cascaded control structure. The DC lines have been implemented using
π-equivalent circuits consisting of the DC line capacitances, resistances and
inductances. A modified Euler ODE solver was used with a step size of 2e-4 s.

8.4.2 Primary Voltage Control

Converter Setpoint Change and Outage

Converter 1 from Fig. 8.5 is equipped with a power-based droop with a constant
voltage deadband with ∆Pdc,0 = 0.083 p.u. Converters 2 – 4 use a power-based
droop controller with a constant power deadband with ∆Udc,0 = 0.005 p.u.
Fig. 8.6 shows the results. At t = 0.1 s, the setpoint of converter 2 is slowly
changed to 0.79 p.u. Converters 3 and 4 remain in constant power mode while
converter 1 (constant voltage mode) takes the entire power imbalance. The DC
current changes as a result of the change in system voltage. If a current-based
droop control were implemented, the DC current would remain constant and the
active power would follow the change in system voltage. At t = 0.6 s, converter
2 faces an outage, which causes all converters to change their power according
to the droop characteristics. The droop constant kdc has been chosen equal to
10% for all converters.
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Figure 8.6: Setpoint change and outage of converter 2: (a) active power Ps
injected into the AC grid and (b) DC currents idc.
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Figure 8.6: (Continued) Setpoint change and outage of converter 2: (c) DC
voltage udc and (d) DC line currents icc.
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Different Control Modes

Fig. 8.7 shows the detailed response of converters 1 and 4 for an outage of
converter 2 at t = 0.1 s. Four different control implementations are considered:
the first two cases A and B consider respectively power- and current-based
droop control without a deadband (Fig. 8.1a). Cases C and D consider droop
control with a constant power/current deadband (Fig. 8.1b) for converters 2 – 4
and a droop control with a constant voltage deadband (Fig. 8.1c) for converter
1. The current-based droop kdc has been chosen equal to 20 %, thus twice that
of the power-based droop constant, corresponding the definition from (8.11).

It can be observed from the simulation results that the differences between the
power-based droop control (cases A and C) and the current-based droop control
(cases B and D) mainly are reflected in the steady-state values after the power
flow, due the change in the DC voltages. The difference in dynamic response
for the power-and current-based counterparts (respectively cases A & B and C
& D) is relatively small, which is explained by that the fact that both controls
are implemented in a similar control scheme. It can also be observed that the
constant power/current deadband in cases C and D does not lead to a higher
DC voltage due to the fact that converter 1 takes a larger share of the power,
preventing the DC voltage from rising.

Tables 8.1 – 8.2 include the corresponding steady-state conditions as calculated
by the power flow algorithm. The difference between the power flow calculations
and the steady-state values of the dynamic simulations (after t = 2.0 s) are in
the order of magnitude of the stop-criteria of the algorithms and show almost
exact correspondence.

Table 8.1: Converter 1 – Power flow after outage converter 2

Ps1(p.u.) Udc1(p.u.)
case A: P -droop -0.6878 1.0339
case B: I-droop -0.7052 1.0340
case C: P -droop, ∆Pdc,0 -0.6030 1.0340
case D: I-droop, ∆Idc,0 -0.6183 1.0341
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Table 8.2: Converter 4 – Power flow after outage converter 2

Ps4(p.u.) Udc4(p.u.)
case A: P -droop -0.4991 1.0324
case B: I-droop -0.5120 1.0325
case C: P -droop, ∆Udc,0 -0.5413 1.0332
case D: I-droop, ∆Udc,0 -0.5560 1.0333
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Figure 8.7: System response at converters 1 and 4 following an outage of
converter 2 for different control modes – converter 1: (a) active power Ps1 and
(b) DC Voltage udc1 (Legend: See continued graph).
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Figure 8.7: (Continued) System response at converters 1 and 4 following an
outage of converter 2 for different control modes – converter 4: (c) active
power Ps4 and (d) DC Voltage udc4 . Legend: Case A: P -droop, B: I-droop,
C: P -droop with deadband (Converter 1: ∆Pdc,0 and 2 – 4: ∆Udc,0) and D:
I-droop with deadband (Converter 1: ∆Idc,0 and 2 – 4: ∆Udc,0).



156 DC VOLTAGE DROOP CONTROL COMPARISON

8.4.3 Secondary Voltage Control

Fig. 8.8 shows the effect of a voltage correcting control action at t = 1.0 s, using
a power-based droop without deadband. The new setpoints for the active powers
and voltages have been calculated using the OPF formulation from Section 8.3.
The setpoints of power and voltage pass a first order filter with τ = 0.1 s to obtain
a slow varying setpoint change. The small power changes that are observed
after t = 1.0 s result from the droop control action. Tables 8.3 – 8.4 contain
the power flow results at the start, after the primary (droop) control action
and after the setpoint changes resulting from the secondary voltage control.
No noticeable difference has been observed with respect to the corresponding
steady-state values of the dynamic simulations.

The steady-state converter powers only change to a minor extent as a result
of the control action. As an approximation, the new voltage setpoints can
be approximated by calculating the average DC voltage after the contingency
and define new setpoints around unity, based on the offset from this averaged
reference value. As it only considers an approximation, the actual steady-state
working operation will deviate from this working point.

Table 8.3: Secondary voltage control – Steady-state converter powers

Conv #
Active power Ps

start before control after control
(t = 0 s) (t = 1 s) (t = 2s)

1 -0.9792 -0.6878 -0.6882
2 0.8553 0 0
3 0.9030 1.1760 1.1758
4 -0.7930 -0.4991 -0.4992

Table 8.4: Secondary voltage control – Steady-state converter voltages

Conv #
DC Voltage Udc

start before control after control
(t = 0 s) (t = 1 s) (t = 2s)

1 1.0047 1.0339 1.0032
2 0.9957 1.0331 1.0024
3 0.9965 1.0238 0.9928
4 1.0031 1.0324 1.0017
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Figure 8.8: Secondary voltage control after an outage of converter 2: (a) active
power Ps injected into the AC grid and (b) DC voltage udc.
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8.5 Conclusion

In this paper, a wide variety of power- and current-based droop control strategies
have been analytically derived, implemented and compared using both a power
flow algorithm and a dynamic simulation program. Simulation results show a
good correspondence between the different implementations and show that the
difference between power- and current-based droop control is mainly reflected
in the steady-state values. The results of the secondary voltage control show
that the overall DC voltage profile can be changed with relatively small changes
to the converter powers.
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9.1 Introduction

In recent years, the interest in Voltage Source Converter High Voltage
Direct Current (VSC HVDC) in a Multi-terminal configuration has increased
significantly. This interest can partly be explained by the expected massive
integration of offshore wind power in the transmission system, as well as due to
the preliminary plans to construct overlay supergrids in Europe and in other
parts of the world. The VSC HVDC technology seems to be favored over both
AC technology and the Line Commutated Converter (LCC) HVDC technology,
due to economic benefits, legislative issues (e.g. permitting) and the technical
limitations of the aforementioned technologies [98] (e.g. cable charging with AC
cables or a cumbersome multi-terminal operation with LCC HVDC).

Whereas current day schemes have been conceived as point-to-point connections,
the VSC HVDC technology has good prospects for an operation in multi-
terminal DC grids. In such multi-terminal configurations, the DC voltage at the
different buses in the system plays a crucial role when it comes to the system
control. To some extent, the DC voltage can be attributed the same role as
the frequency in AC systems, in the sense that its value reflects the unbalance
that can exist between “production” and “consumption”, i.e. the power that is
injected and withdrawn by the VSC converters. Any increase or decrease of the
DC voltage results from the discharging of the cable capacitances and the DC
capacitors in the converter stations. Making the analogy with the frequency in
an AC grid, the DC voltage is considered as one of the most vital parameters
in a DC system.

In existing two-terminal systems one converter controls the DC voltage and the
other one controls the active power over the link. Straightforwardly applying
this control concept to a multi-terminal set-up would result in all but one
converters controlling their active power injections and one “slack converter”
controlling the DC voltage at its terminal.

Since the DC voltage plays a crucial role in the system control, it is of interest to
spread the DC voltage control amongst different converters. A truly distributed
control can be obtained by using a so-called voltage droop control [121,128,140,
142]. The main advantage of such a distributed voltage controller is that all
controlling converters react upon a change in the DC voltage, similarly to the
way a synchronous generator reacts on frequency changes. The main difference
with AC frequency control is the time scale of the DC voltage variations, which
is a couple of orders of magnitude smaller than its AC frequency counterpart.
This makes the control of the DC voltage more challenging, especially when one
takes into account the fact that the DC voltage at the different buses varies as
a result of the power flows through the lines.
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Similarly, when different HVDC links are connected to the same AC network,
the maximum power that can be injected by each link is limited by the AC
system stability, as was first demonstrated in [183]. In [184], it has been shown
that a coordinated control of these HVDC links can improve the dynamic
stability of the AC system and increase the transfer capacity. The problem
complexity increases significantly when DC grids are considered. Contrary to
point-to-point DC connections, a converter outage does not only impact one
DC link. When implementing a distributed DC voltage control, all converters
change their setpoints as a result of a power mismatch caused by a converter
outage. When parallel paths exist in both the AC and DC side, a converter
outage will also influence the power flows in the AC network. The overall control
action after a converter outage might cause loop flows between the AC and DC
layer or cause instability problems. At the moment of the converter outage, the
affected AC system does not only suffer from the loss of the power injected by
the converter, but additionally faces setpoint changes of the other converters
connected to this AC system.

Different methods have been presented to optimise the DC grid control settings.
In [146], the voltages in the system have been optimized to minimize the system
losses. In [174], adaptive droop coefficients were proposed to share the power
distribution according to the available headroom of each converter station.
In [142], the settings of the DC droops have been optimized with respect to the
DC grid dynamics using a Singular Value Decomposition (SVD).

Although significant research has been carried out on the DC voltage droop
control itself, the effect of the controller gains on the AC system has not received
too much attention so far. In [131], the voltage droop control was integrated in
an AC/DC power flow algorithm to study the effect of the droop control schemes
on both the AC and DC power flows. It was shown that the overall control
actions of the voltage droop control scheme have a major influence on the power
flows in both networks after a contingency, thereby pointing out the need for a
coordinated control of all droop-controlled converters. In [177], the impact of
the voltage drops on the power flows in the DC grid was studied. Recently, [185]
introduced a general small-signal stability model for multi-terminal VSC HVDC
systems to study the effect of gains of the VSC controllers. However, no voltage
droop control was considered.

In this paper, we analyze the effect of a converter outage in a multi-terminal
DC system by taking the directionality in the disturbance models into account
to optimize the voltage droop settings. The analysis is complementary to the
one from [142]: like [142], the method developed in this paper uses SVD, but
unlike [142] where the DC system dynamics are studied, the focus in this paper
is entirely on the AC system dynamics. A disturbance on the DC side gives
rise to, among others, transients and power oscillations in the AC system. The



162 DYNAMIC AC SYSTEM INTERACTIONS

aim is to minimize the overall impact on the AC side of different disturbances
on the DC side. Optimizing the voltage droop gains may significantly reduce
this adverse effect. The contribution of this paper is a method which makes it
possible to derive optimal power sharing and hence relative droops settings to
minimize the adverse effect.

The paper is structured as follows: Section 9.2 discusses the voltage droop
control and how the control affects the power distribution after a contingency.
Section 9.3 introduces the multi-input multi-output system (MIMO) analysis,
comprised of the singular value decomposition and the study of converter
outages as perceived from the AC system side. Finally, Section 9.4 discusses
the simulation results.

9.2 DC Voltage Droop Control

This section discusses the DC voltage droop control and the effect of the control
actions on the AC system power injections. The main focus of this work is on
the adverse effect of a converter outage on the AC system stability. With a
local DC voltage used for droop control, the relation between the active DC
power Pdc and the voltage Udc at converter i can be written as

Pdci = Pdc,0i −
1
kdci

(Udci − Udc,0i), (9.1)

with Pdc,0i and Udc,0i the DC power and voltage reference values and kdci the
converter droop constant at converter i. If a converter is taken out of service,
the power in this converter is brought down to zero in short time. The other
converters in the multi-terminal DC system share the power change in order to
keep the DC voltage and thereby the DC power balance. From the AC system
point of view these control actions can be seen as abrupt power changes since
the time constants of the DC system are much smaller than the ones considered
in AC system stability problems. The power change depends on the DC voltage
droop settings of each converter except for the disconnected converter which
has a fixed change depending on the pre-fault value.

Assuming that the entire power imbalance has to be redistributed amongst
the different converters, the power sharing can be written as a function of the
voltage droop constants in the DC grid. Neglecting the change in DC system
losses, an outage of converter i having the steady-state power injection of Pdc,0i
gives rise to the power change in the converters which can be described as
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follows

∆Pdci = −Pdc,0i , (9.2)

∆Pdcj = Pdc,0i · g′j , (9.3)

where g′j is the modified gain for converter j

g′j = gj
m∑
k=1
k 6=i

gk

, (9.4)

thereby taking the DC grid out of the analysis by assuming that the changes of
the system bus voltages are similar for all buses. Meanwhile, it is assumed that
no converter current limits are hit as a result of the voltage droop control.

9.3 MIMO System Analysis

A converter outage and the subsequent power changes of the droop-controlled
converters can be regarded as a change of different system inputs and
hence a disturbance in a certain direction, depending on the droop settings.
Consequentially this disturbance impacts different system variables or a
combination thereof. Depending on the droop settings each converter outage
can be seen as a disturbance in a certain direction. Different disturbances, or
disturbance directions, excite the AC system modes to a different extent [186].

It is known that MIMO control systems pose complexity in issues as gain, phase
and directions which are strongly interrelated. In MIMO systems, the magnitude
of the output signal depends not only on the magnitude of disturbances, but
also on the relative phase displacement between the disturbance signals i.e. the
disturbance directions. Thus, the DC voltage droop gains have an impact of
the adverse effect in the AC system due to a converter outage.

One way of looking at the directionality and system gain is to linearize the
system around the operating point and perform an SVD. SVD is associated
with the principal directions and gains. SVD is the general case of eigenvalue
and eigenvector decomposition, hence, also valid for non-squared matrices.

Disturbances on the DC side, e.g. a converter outage, may be modeled by a
disturbance model Gd(s) having the active power change into the AC system as
the input signal vector and the speed deviation of the generators as outputs.
Thus, the AC/DC system is modeled by

Gd(s) = C(sI− A)−1B + D, (9.5)
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with matrices A, B, C and D defining the state-space representation of the
linearized system. The disturbance response highly depends on the DC voltage
droop settings since these settings, in combination with the converter outage i,
determine the direction di of the disturbance.

9.3.1 Singular Value Decomposition

Let us consider a matrix Λ ∈ Cl×m, then Λ can be decomposed into its SVD [187].
There exists Σ ∈ Rl×m and unitary matrices U ∈ Cl×l and V ∈ Cm×m such
that

Λ = UΣVH , (9.6)

with Σ a rectangular diagonal matrix with the singular values σ1 . . . σq, as
diagonal elements in descending order, with q = min{l,m}. The columns of
U = [U1 . . .Ul] and V = [V1 . . .Vm] contain respectively the left- and right-
singular vectors and are orthonormal sets, hence they are orthogonal and of
unit length. VH denotes the conjugate transpose of the matrix V.

The matrix Λ can be rewritten as

Λ =
r∑

k=1
σkUkVk

H , (9.7)

where r = rank(Λ) ≤ min{l,m}, since σk = 0 ∀k > r.

9.3.2 SVD of the Transfer Function

Substituting Λ in (9.6) by Gd(s), the linearized transfer function is given by

Gd(s) =
r∑

k=1
σk(s)Uk(s)Vk(s)H , (9.8)

and the frequency response at a particular frequency is given by evaluating
Gd(s) at s = ω. The maximum σ(Gd(ω)) and minimum σ(Gd(ω)) system
gains, are given by [187]

σ(Gd(ω)) ≤ ||Gd(ω)d||2
||d||2

≤ σ(Gd(ω)), (9.9)

with

Gd(ω)V = σU , (9.10)

Gd(ω)V = σU , (9.11)
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d is any input direction, not in the null space of Gd, and ||·||2 the Euclidian norm.
The vector V corresponds to the input direction with largest amplification, and
U is the corresponding output direction in which the inputs are most effective.
The least effective input direction is associated with V corresponding to the
output U . With q = min{l,m}, the maximum and minimum system gains,
respectively σ and σ, are given by

σ = σ1, (9.12)

σ =
{
σq l ≥ m
0 l < m

. (9.13)

In power systems the relative magnitude and phase of the elements of the
largest singular value, at each frequency of oscillation, shows the groups of
generators that are oscillating against each other [188]. Also the most effective
input direction to excite this mode is shown. With one mode being dominant
over the others at frequency ω1, (9.8) can be approximated as

Gd(ω1) ≈ U σV
H
. (9.14)

9.3.3 Converter Outage Analysis

As the relation between the converter gains is of concern, the entire subset of
gains has to be scaled to achieve an acceptable dynamic response [142]. In this
analysis, we disregard the intermediate dynamics and we model the outage as if
the converter powers change abruptly at the same time. Therefore, only the
relative values of the converter gains are of concern for this analysis. Hence,
with the power sharing after an outage of converter i as in (9.4), an additional
equation is defined such that

m∑
k=1

gk = 1. (9.15)

The disturbance caused by the outage of converter i can be expressed
mathematically as

∆P i
dc = Pdcid

i, (9.16)

with

di = [g′1, . . . , g′i−1,−1, g′i+1, . . . , g
′
m]T , (9.17)



166 DYNAMIC AC SYSTEM INTERACTIONS

being the disturbance direction, Pdci the power in converter i before the outage
and ∆P i

dc the vector of power changes in all the converters.

The disturbance direction di for each converter outage i can be rewritten as a
linear combination of the input directions V

di = Vαdi , (9.18)

with the coefficient vector αdi = [αdi1 ...αdim ]T .

Using an SVD of the linearized system Gd from (9.5), and substituting Gd and di

using respectively (9.6) and (9.18), the system response or gain for disturbance
di can be rewritten as

||Gdd
i||2 = ||UΣαdi ||2. (9.19)

Since the left-singular vectors, the columns in U, are orthogonal Ui
HUj = δij .

Hence, (9.19) can be rewritten as

||Gdd
i||2 = ||Σαdi ||2 =

√√√√ r∑
k=1

σ2
kα

2
dik
. (9.20)

Alternatively, one can only take the largest singular value into account. The
disturbance gain for a disturbance di, based on (9.9) and (9.14), is then
approximated by

||Gdd
i||2 ≈ ||σdU V

H
di||2 = σd ||V

H
di||2. (9.21)

Substituting di from (9.18), and taking into account the orthogonality of the
right-singular vectors, V i

HV j = δij and the expression simplifies to

σd ||V
H
di||2 = σd||αd||2. (9.22)

To be noted is that the disturbance gain is not divided by ||di||2 as in (9.9).
The disturbance direction di is defined as in (9.16) – (9.17) and element i
is normalized and equal to -1 for an outage of converter i i.e., di(i) = −1.
Thus, it is the output magnitude caused by di and not the relative output
magnitude that is of interest. The Euclidian norm of di varies depending on
g but as (9.15) is fulfilled (9.16) solves the power mismatch. Eq. (9.21) can
be interpreted as the projection of di onto V that is amplified. Similarly, the
more general expressions (9.19) – (9.20) can be interpreted as the projections
of the disturbance di on the input directions V. To minimize the impact, these
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directions should be considered when setting the voltage droop gains g in the
converters.

The abrupt power changes in the different converters are modeled as step
functions. In the Laplace domain the step or heaviside function is 1/s, thus, it
has a wide frequency spectrum. This means that a converter outage can excite
all modes to some extent and that modes with a higher frequency are more
attenuated than the ones with a low frequency.

The frequencies where the gain peaks should be considered when minimizing
the adverse effect of a converter outage. A singular value plot provides a means
to generalize this information by generating a plot of the frequency dependence
of singular values of the transfer matrix evaluated at different frequencies. The
peaks occur at the frequencies of the modes in the system, thus, indicate the
frequencies at which the system is likely to exhibit dynamic stability problem
as the modes get excited by the disturbance.

The aim in this study is to minimize the disturbance gain for the lowest damped
mode or, put differently, to reduce the excitation of these modes during an
outage. The total gain, including all possible converter outages, can be expressed
by using (9.21) as

βtot =
√∑
∀i

||Gdd
i||22. (9.23)

We want to minimize the gain for all converter outages with respect to the DC
voltage droop gains. This can be formulated as

min βtot, (9.24)

s.t.
m∑
k=1

gk = 1 and gk ≥ 0. (9.25)

and by solving this problem the adverse effect is minimized.
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Figure 9.1: Two-area four-machine system with a multi-terminal DC system.

9.4 Simulation Results

To verify the developed methodology, simulations are performed in two test
systems. In each test system, a three terminal DC system is installed.

9.4.1 Test System 1 – Two-Area System

The first test system is the two-area system [38] in which a multi-terminal DC
system has been connected to buses 6, 8 and 10 transferring 200 MW and where
a load, supported by the MTDC, has been added to bus 8 (Fig. 9.1). The
reason for choosing this relatively simple test system as an example is that it
allows to verify the proposed method against results that can be expected from
a system with two clear areas.

Linearizing the system, one inter-area mode and two local modes are found.
Table 9.1 contains the eigenvalues and, as can be observed, the modes are
positively damped. The singular value frequency response of the dynamic
system is plotted in Fig. 9.2. The gain for the inter-area mode is much higher
than for the local modes, therefore the DC voltage droop gains need to be
optimized to minimize the disturbance gain for the inter-area mode. The system
i.e., Gd is evaluated at f = 0.529 Hz and (9.21) gives the disturbance gain for
different directions di. It can be noted that the difference between the largest
and smallest direction σ and σ is rather large, in particular for the frequency of
the inter-area oscillation.

In this system, there are three converters so there are three possible converter
outages. For each converter outage, we vary the DC voltage droop gains and
plot the disturbance gain. The disturbance gain can be plotted for any different
distribution of the DC voltage droop settings. g1 and g2 are along the x-axis
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Table 9.1: Modes of the test system

Eigenvalue Damping Frequency Mode shape
−0.1028 ± j 3.3220 3.09% 0.529 Hz G1,G2—G3,G4
−0.5052 ± j 6.1779 8.15% 0.983 Hz G3—G4
−0.5143 ± j 5.8197 8.81% 0.926 Hz G1—G2
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Figure 9.2: SVD plot for the two-area test system.

and y-axis, g3 is a function of g1 and g2 as follows

g1 = 0 −→ 1, (9.26)

g2 = 0 −→ 1− g1, (9.27)

g3 = 1− g1 − g2. (9.28)

Fig. 9.3a shows the disturbance gain for an outage of converter 1. Clearly, the
DC voltage droop gain g1 has no impact on the disturbance gain since the
corresponding converter is out of service. In the direction of g2, the disturbance
gain increases. Intuitively, a higher disturbance is expected when the power
mismatch is solved by converter 2 instead of converter 3 and this is also the
result. This is explained by considering the power flow change in the AC system.
Solving the power deficit in converter 3, caused by an outage of converter 1, only
changes the power transfer on the AC lines between Buses 6 and 8. Solving the
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Figure 9.3: System gains for the two-area system: outage in (a) converter 1 and
in (b) converter 2.

power deficit in converter 2 instead also increases the power transfer in the AC
lines between buses 8 and 10, thus between the two areas. Moreover, this means
a larger power flow change in the system, which creates larger voltage angle
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Figure 9.3: (Continued) System gains for the two-area system: (c) outage in
converter 3 and (d) total system gain.

deviations at the buses, thereby exciting the inter-area mode in the system to a
larger extent. Fig. 9.3b displays the disturbance gain for converter outage 2.
In this case it is also expected that the disturbance gain is lower if converter 3
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Figure 9.4: Time simulations for an outage of converter 1.

solves the power mismatch. As can be seen in the figure the result is similar
to the previous case. The last case is when converter 3 has an outage and in
this case the DC voltage gain g3 has no impact on the disturbance gain. The
disturbance gain is low if the power is equally distributed between converters 1
and 2 as shown in Fig. 9.3c. In Fig. 9.3d the total disturbance gain is shown as
given in (9.23). It shows that the better option is to have a higher DC voltage
gain in converter 3. The minimum gain is achieved when g1 = 0, g2 = 0 and
g3 = 1. To verify the result, time simulations have been performed using Power
System Analysis Toolbox (PSAT), a Matlab toolbox for electric power system
analysis and simulation [165]. The result for an outage of converter 1 is shown
in Fig. 9.4. It can be seen in the figure that the deviation of the generator angles
is lower in the case of more power sharing in converter 3 since the inter-area
mode is excited to a lesser extent with these droop settings. Clearly, it is better
to have a higher gain in converter 3 to lower the impact of a converter outage.

9.4.2 Test System 2 – IEEE 39 Bus System

Test system 2 is the New England, IEEE 39 bus 10 machine system, presented
in [189]. An overview of the system is shown in Fig. 9.5. The singular value
plot is shown in Fig. 9.6 which peaks at f = 0.64 Hz for the eigenvalue at
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Figure 9.5: New England, IEEE 39 bus system and a three terminal DC system.

−0.0743± j 4.0151, as it is the mode having lowest damping. Therefore, the
system is considered at this frequency, thus Gd is evaluated at this frequency
when searching for the DC droop settings. It is clear from the figure that the
system has high directionality as there is a large difference in the singular values
for the selected mode.

The disturbance gain for converter outage 1 is plotted in Fig. 9.7a and, self-
explanatorily, gain g1 has no affect. The affecting gains are g2 and g3 where the
relation between them is of importance. Seen in the figure, the disturbance gain
decreases as g2 increases, therefore lower system gain comes with more power
sharing in converter 2 than in converter 3. Fig. 9.7b shows the disturbance gain
in the case of an outage of converter 2. The output magnitude increases as g1
increases, thus g3 has lower impact on the AC system. In this case power sharing
should take place in converter 3 if the mode of interest in the AC system should
be less excited. The disturbance gain for an outage of converter 3 is plotted in
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Figure 9.6: SVD plot for the IEEE 39 bus system.

Fig. 9.7c. The system gain increases with g1, thus the opposite as g2 increases.
Using (9.23) the total gain can be calculated and is shown in Fig. 9.7d. Clearly,
lowering the overall impact, as in (9.23), the power sharing should take place
in converter 2. The system gain increases as g1 and g3 increase, but increases
more in the direction of g1 than g3.

A time simulation is shown in Fig. 9.8 for an outage of converter 2 where some
of the generator angles, which are representative for the system’s behavior,
are plotted. It can be seen that the excitation of the lowest damped mode is
significantly reduced by proper voltage droop settings based on the proposed
methodology.
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Figure 9.7: System gains for the IEEE 39 bus system: outage in (a) converter 1
and in (b) converter 2.



176 DYNAMIC AC SYSTEM INTERACTIONS

0
0.2

0.4
0.6

0.8
1

0

0.5

1
0

0.005

0.01

0.015

0.02

g
1
 [−]

Outage converter 3

g
2
 [−]

||G
d d

3|| 2

(c)

0
0.2

0.4
0.6

0.8
1

0

0.5

1
0.01

0.015

0.02

0.025

0.03

g
1
 [−]

All converter outages

g
2
 [−]

√
Σ
∀i
||G

d
d
||2 2

(d)

Figure 9.7: (Continued) System gains for the IEEE 39 bus system: (c) outage
in converter 3 and (d) total system gain.
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9.5 Conclusion

In this paper, a methodology has been presented to assess the impact of converter
outages in a DC grid on the AC grid stability by analyzing the input directions
that cause the smallest effect on the system outputs due to disturbances on the
DC side. The contribution of this paper is a method which derives the voltage
droop settings to minimize the adverse effect of a disturbance on the DC side.
The method is based on SVD and MIMO system analysis. Simulation results
show the validity of the proposed approach.
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10.1 Introduction

Due to the large predicted increase of renewable energy sources in the power
system, a significant interest has risen in DC grids based on Voltage Source
Converter High Voltage Direct Current (VSC HVDC) technology. Such DC
grids could e.g. be gradually developed as extensions or fundamental grid
updates to interconnect remote offshore wind farms and regions with different
production and consumption patterns [98,190].

Similar to AC systems, the DC grid will have to cope with severe contingencies
such as converter outages. In order to obtain a distributed system response
after such events, most control schemes presented in the literature rely on
DC voltage droop control, introduced in [125, 127] and extensively reported
in the literature [111, 130, 131, 141–143, 146, 174, 177, 191, 192]. In a droop-
controlled scheme, different converter jointly alleviate the power deficit caused
by a converter outage, similar to the frequency control in AC systems. However,
contrary to the frequency in AC systems, the DC system voltage is no global
measure since the voltage varies at different DC buses as a result of the power
flows in the grid.

In steady-state, the power flows can be optimized by altering the droop setpoints
[146], using an Optimal Power Flow (OPF) formulation [193]. The power sharing
amongst different droop-controlled converters after a contingency in the grid
can be influenced by changing the converter droop constants, which determine
the relation between the resulting power or current change and the voltage
deviation. Different approaches have been suggested to optimize these droop
settings. In [192], the converter droop constants were calculated taking into
account the DC system line resistances for a radial DC system. The procedure
is however not directly applicable for meshed DC systems. In [177], the effect
of the DC network on the power sharing has been studied for a meshed system.
In [194], a procedure was presented to compute the droop gains ensuring stability.
However, all droop coefficients were taken equal and the power sharing was
not considered. In [142], the entire subset of converter droop constants was
scaled to obtain optimized control settings from the point of view of the DC
system dynamics. It has been implicitly assumed in the aforementioned article
that the power distribution entirely depends on the relative values of the gains.
In [195], it was shown that the droop settings can be optimized with respect to
the power distribution in the AC system after an outage. The analysis is mainly
focusing on the AC system dynamics and does not take the DC system into
account. In [174], the droop coefficients were made adaptive to account for the
available headroom of the different converters, using a common voltage feedback
signal [113]. Other recent developments related to power flow control include the
participation of the DC grid in the primary frequency control for asynchronous
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AC systems [130, 176, 196], the participation in the load-frequency control in
one single area by means of a grid management system [197] and a slow control
of the setpoints after a contingency to restore the pre-fault exchanges [114].

The effect of the droop settings on the post-fault voltage deviations and power
sharing can be taken into account using power flow algorithms [131,171,198].
However, the power flow models are non-linear in nature and impede a
straightforward analysis of the influence of the droop settings. The objective of
this paper is twofold: First, the paper presents a new method to analytically
study the effect of the droop settings and DC grid voltage deviations on the
power flow control. The analytical method is different from the one presented
in [177], where the analysis starts by assuming a lossless DC system. In this
paper, the analytical expressions are first derived for a current-based droop
control and are thereafter extended to a power-based droop control. Contrary
to [177], the focus of this paper is merely on converter outages. Second, an
optimization routine is presented. The main objective of the optimization is to
show that, at least from a steady-state perspective, there are two conflicting
optimization criteria when it comes to selecting the converter droop values.
On the one hand, the objective is to eliminate the influence from the DC
grid configuration by making the power sharing between different converters
independent of the layout of the DC grid. On the other hand, the objective is
to limit the steady-state voltage deviations after a contingency to reasonable
values. It is shown that scaling the entire subset of converter gains, as suggested
in [142], influences the steady-state power distribution and is only applicable
within a limited range around a subset of droop values.

The remainder of the paper is organized as follows: Section 10.2 discusses
the basic principles of converter power or current sharing after a contingency.
Section 10.3 presents the analytical method to study the effect of the droop
control settings as well as an equivalent representation to physically interpret the
results. Section 10.4 presents the droop control optimization. Finally, Section
10.5 presents the simulation results, including a discussion on the influence of
the converter gains, line lengths and the accuracy of the power-based droop
control analysis.

10.2 Converter Power/Current Sharing

10.2.1 Voltage Droop Control

In a DC system, the DC voltage is one of the most crucial system parameters.
Any current imbalance is directly reflected in a change of the DC voltage at
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all buses. In this section it is discussed how the voltage profile in the system
influences the power or current sharing after an outage. A first part briefly
revises power- and current-based droop characteristics.

With a local DC voltage used for droop control, the relation between the active
DC power Pdc and the voltage Udc at converter i can be written as

Pdci = Pdc,0i −
1
kdci

(Udci − Udc,0i), (10.1)

with Pdc,0i and Udc,0i the DC power and voltage reference values and kdci the
converter droop constant at converter i.

Alternatively, the voltage droop control law can be expressed as a function of
the DC current instead of the active power

Idci = Idc,0i −
1
kdci

(Udci − Udc,0i), (10.2)

with Idci and Idc,0i respectively the actual and reference DC current at converter
i.

As an alternative, a common voltage feedback signal can be used as proposed
in [113] and used in [174]. The droop control law then simplifies to

Pdci = Pdc,0i −
1
kdci

(Udc+ − Udc,0+), (10.3)

with Udc+ the common converter feedback signal and Udc,0+ its reference value.
A similar expression holds for a current-based droop control. Udc

+ can be
the voltage at one of the converter buses or a combination thereof. Using a
common voltage feedback signal removes the voltage dependence of the power
sharing after an outage. A disadvantage compared to a local voltage based
droop control, is the need for communication.

10.2.2 Converter Outage

The power sharing after a converter outage can be written in terms of the
voltage droop constants in the different converters. Using a current-based droop
as in (10.2), an outage of converter i with a steady-state power injection of
Idc,0i gives rise to the current redistribution in the converters which can be
described as

∆Idci = −Idc,0i , (10.4)

∆Idcj = Idc,0i · g′j , (10.5)



EFFECT OF DROOP CONTROL ON THE POWER SHARING 183

where g′j is the modified gain for converter j

g′j =
gj∆Udcj
m∑
k=1
k 6=i

gk∆Udck
, (10.6)

with ∆Udcj = (Udcj − Udc,0j ) and the converter gain gj at converter j defined
as the inverse of the DC droop constant kdcj . Both terms will be used
interchangeably in the remainder of this paper. It can be observed from
these equations that the actual redistribution of the current depends on the DC
grid voltage profile after the fault, which impedes a straightforward analysis.

In case of a common voltage feedback signal used by all converters, as in (10.3),
the relative power g′j of converter j after a contingency can be written as

g′j = gj
m∑
k=1
k 6=i

gk

, (10.7)

thereby no longer depending on the system state after the contingency. In case
of a local voltage feedback, the link between droop settings and power sharing
is less apparent because of the influence of the DC voltages. When using a
power-based droop as in (10.1), the power sharing can only approximately be
written in a form similar to (10.4) – (10.5), since the DC system losses are not
constant.

In the subsequent sections, the influence of the DC system voltages on the
power/current sharing are discussed in detail.

10.3 Effect of Droop Control on the Power Sharing

This section presents a mathematical model to include the effect of the voltage
droop control in the DC network equations. The presented method allows to
easily investigate the effect of the droop settings on the power/current sharing
after a converter outage.

10.3.1 Current-Based Droop Control

The DC system equations can be written in a matrix form as

YdcUdc = Idc, (10.8)
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with Udc the DC bus voltage vector, Idc containing the currents flowing into
the DC system and Ydc the DC system admittance matrix.

Rewriting the voltage and current vectors as

Udc = Udc,0 + ∆Udc, (10.9)

Idc = Idc,0 + ∆Idc, (10.10)

the DC system equations can be rewritten as

Ydc∆Udc −∆Idc = Idc,0 − YdcUdc,0. (10.11)

For the current-based droop control from (10.2),

∆Idc = −G∆Udc, (10.12)

with G = diag([g1 · · · gn]) a diagonal matrix comprised of the converter gains
gi, which are given by the inverse droop coefficients, i.e. k−1

dci
from (10.2).

Replacing the voltage and current references Udc,0 and Idc,0 with the values
corresponding to the situation before the converter outage, which satisfy (10.8),
and substituting (10.12), the DC system equations simplify to

(Ydc + G)∆Udc = 0, (10.13)

with the trivial solution ∆Udc = 0 as the only solution provided that det(Ydc +
G) 6= 0.

A converter under constant current control or a DC bus without a converter,
hence without current injection, can be represented by altering matrix G such
that

G =


0

g2
. . .

gn

 , (10.14)

assuming the first bus to have a constant current injection (or zero converter
gain). In case of a DC bus without injection, the current injection vector Idc,0
has to be updated accordingly.

Similarly, the effect of an outage of converter i on the voltages can be addressed
by defining a modified gain matrix

Gout = diag([g1 · · · gi−1 0 gi+1 · · · gn]). (10.15)
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As in the previous case, a zero entry can be added to Idc,0 in (10.11), or
alternatively, applying the superposition principle, the voltage deviations after
the outage can be found by solving

(Ydc + Gout)∆Udc = Idc,out, (10.16)

with the current outage vector Idc,out defined as
Idc,out = [0 · · · 0 − Idc,0i 0 · · · 0]T . The matrix Gout expresses the effect of the
voltage change on the currents injected by the droop-controlled converters.

The change of the converter current injections can thereafter be determined by
calculating ∆Idc from

∆Idc = Ydc∆Udc = −Gout∆Udc. (10.17)

It is clear from (10.6) that similar voltage deviations give rise to a current
sharing that approximates the case of a common voltage feedback in (10.7). As
discussed in the remainder of the paper, it can be shown that decreasing line
resistances or decreasing the converter gains gi lead to a more uniform voltage
deviation profile in the network.

In case of a slack converter (constant DC voltage), the steady-state value of
the DC voltage is constant. Hence, the corresponding row and column can be
removed from (10.16). In case of more advanced droop control schemes (e.g.
with a current/voltage deadband), the droop characteristics can be considered
to be a combination of a basic droop characteristic and a constant current or
voltage part.

10.3.2 Power-Based Droop Control

In case of a power-based droop control as in (10.1) or a constant power control,
the analysis is somewhat complicated due to the fact that the power flow
equations become nonlinear. It is either possible to solve the full set of power
flow equations as in [171] or to use an approach similar to the one from the
previous part.

The power-based droop from (10.1) can be rewritten as

Idci = Pdci
p Udci

= Pdc,0i
p Udci

− 1
p kdci

(
1− Udc,0i

Udci

)
, (10.18)

with p = 1 for an asymmetrical monopolar grid and p = 2 for a symmetrical
monopolar or bipolar grid. A similar expression holds for a constant power
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converter

Idci = Pdc0

pUdci
. (10.19)

With Udc as defined in (10.9), Idc can be approximated by the Taylor series
expansion about Udc,0. For (10.18) and (10.19), this respectively results in

Idci ≈ Idc,0i −
1

Udc,0i

(
1

p kdci
+ Idc,0

)
∆Udci , (10.20)

Idci ≈ Idc,0i −
Idc,0i
Udc,0i

∆Udci . (10.21)

Defining modified gains g∗i with

g∗i = 1
p kdciUdc,0i

+ Idc,0i
Udc,0i

, (10.22)

and using the superposition principle, the DC system equations (10.11) can be
rewritten such that

(Ydc + G∗ + L)∆Udc = 0, (10.23)

with G∗ and L diagonal matrices with either G∗jj = g∗j or Ljj = Idc,0j/Udc,0j ,
depending on whether bus j is modeled as a power-based droop or constant
power bus. In case of a converter outage, the same analysis can be applied,
retaining

(Ydc + G∗out + Lout)∆Udc = Idc,out, (10.24)

with the outage matrices G∗out and Lout defined similar to (10.15), with the matrix
elements G∗outii or Loutii equal to zero for an outage of converter i. The matrices
G∗out and Lout express the effect of the voltage change on the current injected by
respectively the power droop-controlled and constant power buses not facing
an outage. Using this first-order approximation, the power distribution can
thereafter be expressed as

∆Pdc ≈ p · (Udc,0 + ∆Udc) ◦ (Idc,0 + ∆Idc)− Pdc,0,

(10.25)

with ◦ the Hadamard or entrywise product. Alternatively, the power distributed
amongst the slack buses can also be approximated as

∆Pdc ≈ −Gout∆Udc, (10.26)
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with Gout as defined in (10.15). It was found that (10.25) leads to more accurate
results than (10.26). Similar to the previous section, a constant voltage bus can
be represented by omitting the corresponding equation in (10.24). Advanced
droop schemes can here as well be analyzed by modeling the converters as a
combination of the respective representations.

10.3.3 Equivalent Electrical Model

The inclusion of the droop-controlled (and constant power) buses can be regarded
as a change of the DC network admittance matrix, hence we define a modified
admittance matrix

Y′dc = Ydc + Gout, (10.27)

in case of a current-based droop and

Y′dc = Ydc + G∗out + Lout, (10.28)

in case of a power-based droop.

Mathematically, the converter gains and contributions from constant power
buses are added to the diagonal of the network admittance matrix. From an
electric point of view, these changes to the admittance matrix can be interpreted
as the inclusion of shunt loads to the respective buses in the DC network, as
depicted in Fig. 10.1.

With an outage of converter 1, the system of equations can be partitioned such
that [

Y ′dc11
Y ′

dc1α

Y ′
dcα1

Y′dcαα

][
∆Udc1

∆Udcα

]
=
[
−Idc,01

0

]
, (10.29)

with ∆Udcα containing the voltages of the buses without an outage. Using the
Kron reduction technique, discussed in greater detail in [199], the nodes without
current injections can be considered as internal nodes that can be eliminated.
These are all the nodes but the one facing an outage, as can be seen from
Fig. 10.1b. The network can thus be reduced and the voltage change at the bus
facing an outage can be rewritten as

∆Udc1 = −
(
Y ′dc11

− Y ′
dc1α

Y′dcαα
−1
Y ′

dcα1

)−1
Idc,01 . (10.30)

This equation expresses the relationship between the current injection change
due to an outage and the resulting voltage change at that bus, taking into
account the droop control actions. It can be observed that the corresponding
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(b) Implicit representation of droop control

Figure 10.1: Electrical equivalent scheme of a DC grid with current-based
voltage droop control.

resistance value from (10.30) corresponds to element Z ′dc11
from the modified

DC bus impedance matrix Z′dc. Therefore, the voltage change at the internal
(droop-controlled) buses can be equally found by rewriting (10.16) in terms of
this modified impedance matrix Z′

dc such that

∆Udcα = −Z′
dcα1

Idc,01 , (10.31)

using a partitioning similar to (10.29).

It is clear from this representation that when the gains gi = k−1
dci

decrease,
the equivalent loads are reduced and the resulting network from Fig. 10.1b
approximates the original DC network. As a result, the condition number
κ(Y′dc) increases and in the limiting case of the set of gains gi going to zero (and
hence the droop constants kdci going to infinity), Y′dc becomes singular. From
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a physical point of view, a set of converters with lower gains (or high droop
constants) result in higher voltage deviations ∆Udc after an outage. Since a
decreased set of gains has a lower influence on Y′dc in (10.27), the voltage profile
gets more uniform and it becomes easier to influence the current distribution
after an outage by choosing the relative values of the converter gains. On
the contrary, if the converter gains gi go to infinity the equivalent loads from
Fig. 10.1b increase and the voltage deviations ∆Udc go to zero. Due to the
resulting dominance of Gout in the modified admittance matrix Y′dc from (10.27),
the voltage deviations become less uniformally distributed in relative terms and
the different converters have a tendency to share a power or current deficit in a
non-uniform manner.

A similar reasoning holds for power-based droop control. As can be observed
from (10.13) – (10.16) and (10.23) – (10.24) the modified converter gains g∗j
from (10.22) are added to the diagonal of the network admittance matrix. Also
in case of constant power controlled buses, diagonal elements derived in (10.21)
are added to take into account the effect of a voltage change on the current
injections, following a similar reasoning as with current-based droop controllers.
However, one has to keep in mind that in this case the equations are linearized,
whereas they exactly hold in case of a current-based droop control.

10.4 Multiobjective Droop Control Optimization

The optimization routine presented in this paper shows that there are two
conflicting optimization criteria when it comes to setting the converter gains or
droop values. On the one hand, the objective is to eliminate the influence from
the DC grid configuration by making the power or current sharing between
different converters independent of the layout of the DC grid. On the other
hand, the objective is to limit the steady-state voltage deviations to reasonable
values. The analysis in this section uses a current-based droop control. In
Section 10.5, the accuracy of the power-based droop control analysis is discussed,
providing an indication of the applicability of the optimization algorithm for
the power-based variant.

The first objective is to limit the voltage deviations after an outage for an
arbitrary converter, hence

f1(x) =
n∑
i=1

ξi

n∑
j=1

(∆U idcj )
2, (10.32)

with ∆U idcj the voltage deviation at converter j after an outage of converter i,
ξi a weighting factor accounting for the probability or the relative importance
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of an outage of converter i, and the optimization vector x

x =
[
gT ∆U1

dc

T · · · ∆Un
dc
T
]T
, (10.33)

with g the set of converter gains and ∆U i
dc a vector containing the set of

voltage deviations after an outage of converter i.

The second objective is to limit the deviation from a predefined current
distribution after any outage or

f2(x) =
n∑
i=1

ξi

n∑
j=1

(gj∆U idcj −∆I∗idcj )
2, (10.34)

with ∆I∗idcj the setpoint of the change in current injection at converter j for an
outage of converter i. Optimizing towards an equal distribution of the current
between the remaining n− 1 converters results in

∆I∗idcj = Idci
n− 1 . (10.35)

Similarly, it is possible to optimize towards an unequal current distribution by
introducing a distribution priority variable ζ for each converter such that

∆I∗idcj = ζj
n∑
k=1
k 6=i

ζk

Idci , (10.36)

thereby neglecting the influence of the DC grid when defining the optimal
current sharing.

If converters already operate close to their limits, this can implicitly be
accounted for by an appropriate selection of the distribution priority variables
ζ. Alternatively, the limits can explicitly be defined by including additional
inequality constraints for the converter current or power.

The voltage deviations have to satisfy (10.16) with Y′dc from (10.27) or

hi(x) = Y′dc(g)∆U i
dc − I

i
dc,out 1 ≤ i ≤ n. (10.37)

The optimization problem can be written by combining the two objective
functions using a weighting factor w ∈ [0, 1]

minimize f(x) =(1− w)f1(x) + wf2(x), (10.38)

subject to hi(x) 1 ≤ i ≤ n. (10.39)
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Figure 10.2: Test-system – Power flow situation before the outage.

In the case of a power-based droop control or constant power buses, the
modified admittance matrix Y′dc from (10.37) is replaced with the definition
from (10.28). This yields a linearization of the power flow equations and hence
of the constraints in (10.37). The validity of using this linearization is addressed
in the last part of the next section.

10.5 Simulation Results

The proposed optimization method has been implemented with a ±320 kV
4-terminal DC grid test system shown in Fig. 10.2. All converters have a rated
output of 1200 MW. The per unit line resistances are given in Table 10.1 with the
unit base quantities Pdc,b = 1200 MW, Udc,b = 320 kV and Idc,b = Pdc,b/Udc,b.
The sum of the system admittance matrix Ydc and the converter gain matrix G
is given by

Ydc + G =


74.019 + g1 −24.331 −28.090 −21.598
−24.331 52.984 + g2 0 −28.653
−28.090 0 61.760 + g3 −33.670
−21.598 −28.653 −33.670 83.922 + g4

 . (10.40)

10.5.1 Multiobjective Droop Control Optimization

All possible converter outages are considered equally important in the
optimization (ξi = 1). The analysis is limited to the current-based droop
control, but a similar approach can be used for the power-based droop control.
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Table 10.1: DC grid line resistances and lengths

line Rdcij (p.u.) length l (km)
1 – 2 0.0411 290
1 – 3 0.0356 251
1 – 4 0.0463 327
2 – 4 0.0349 246
3 – 4 0.0297 209
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Figure 10.3: Pareto-optimal trade-off curve between the objective of minimizing
the voltage deviations (f1) and the objective of equalizing the current
distribution (f2) for all possible converter outages.

Section 10.5.4 discusses the accuracy of the power-based droop approximation
from Section 10.3.2. Unlike the first optimization objective (10.32), which is
quadratic, the second optimization objective (10.34) is non-linear. This holds
as well for the equality constraints (10.37) due to the dependence of matrix
Y′dc on the unknown set of gains g. Since the overall problem is non-linear, it
is solved using the generic non-linear optimization routine fmincon from the
Optimization Toolbox in Matlab. The multiobjective optimization problem
(10.38) – (10.39) is sequentially solved for different values of the weighting factor
w.

Fig. 10.3 shows the Pareto-optimal trade-off curve between the two objective
functions f1 and f2. It can be observed that a trade-off is indeed present
between equalizing the current distribution (objective f2) on the one hand and
limiting the DC voltage deviations (objective f1) on the other hand.
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Figure 10.4: Converter gains g as a function of the optimization weighting factor
w.

Fig. 10.4 shows the converter gains g as a function of the optimization weighting
factor w defined in (10.38). The graph shows that the converter gains decrease
when more emphasis is put on the current distribution after an outage (high
value of w) and that the gains increase if the voltage deviation has to be limited.

Figs. 10.5 – 10.6 show the voltage deviations and the current distribution after
an outage of converter 2 as a function of the optimization weighting factor
w. Comparing the results with Fig. 10.4, it can be observed that the voltage
deviations increase with decreasing converter gains and vice versa. Furthermore,
Fig. 10.6 indicates that it can be practically impossible get an equal current
contribution for all converter outages at the same time. It can be observed
that converters 1 and 4 take a higher share of the current deficit, since they
are located closer to converter 2 facing an outage. Comparing Fig. 10.4 with
Table 10.1, it can be observed that the network topology is accounted for by the
optimization algorithm as the gains for converters 2 and 3 are slightly higher,
since these converters only have two connections instead of 3.
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Figure 10.5: Outage of converter 2 – Voltage deviations ∆Udc as a function of
the optimization weighting factor w.
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Figure 10.6: Outage of converter 2 – Relative current sharing ∆Idc/Idc2 as a
function of the optimization weighting factor w.

10.5.2 Influence of the Converter Gain

Figs. 10.7 – 10.9 show the results from Figs. 10.4 – 10.6, now as a function of the
gain g1 of converter 1. From the voltage deviations in Fig. 10.7 it is clear that for
small gain values g (and thus high droop constants kdc), the voltage deviations
inversely depend on the gain values and approximately linearly depend on the
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Figure 10.7: Outage of converter 2 – Voltage deviations ∆Udc as a function of
the gain of converter 1.
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Figure 10.8: Outage of converter 2 – Relative current sharing ∆Idc/Idc2 as a
function of the gain of converter 1.

droop constants. When the gain increases and the droop values kdc become of
the order of magnitude of the line resistances (Table 10.1), this approximation
comes to an end.

From Fig. 10.8, it is clear that an equal current distribution is only feasible
when the gain values are chosen very low. This relative current distribution
from Fig. 10.8 is a result of the optimization and therefore takes into account all
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Figure 10.9: Outage of converter 2 – Relative converter gains g/g1 as a function
of the gain of converter 1.

possible converter outages. Fig. 10.9 shows how the relative gain values increase
as a function of the increasing gain at converter 1. With an increasing gain, a
higher emphasis is put on f1, i.e. the voltage deviation minimization, whilst
still minimizing f2 and hence striving towards an equal current distribution.
In [142], the set of gain values was optimized from the point of view of the DC
system dynamics. It was argued that this set of relative gain values could be
scaled, resulting in a similar current distribution. From Figs. 10.8 – 10.9, it can
be seen that when the average gain value is increased, the relative gain settings
change and the current becomes less equally distributed, even when still taking
an equal distribution as an optimization criteria. Fig. 10.9 shows that the gain
of converter 2 changes more slowly than that of converter 1, which is explained
by the fact that the line distances to converter 4 are slightly lower than the
ones to bus 1 (Table 10.1). An opposite reasoning holds for the relatively
higher increase of the converter gains in 2 and 3. However, an opposite trend is
observed for the current distributions in Fig. 10.8. It is clear that, although
having a relatively higher gain value in converter 3 than in converter 1, the
part of the current deficit accounted for by converter 3 decreases, whereas it
increases more for converter 4, although having a relatively lower gain than
converter 1. According to the current sharing expressions from (10.4) – (10.6),
this means that the increase in converter gain is not high enough to account
for the (unequally) decreasing voltage deviations ∆Udc. This also implies that
scaling all gains using fixed ratios, as suggested in [142], leads to a change of
the current distribution, that would be even more unequal in this example.
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Figure 10.10: Outage of converter 2 – Voltage deviation ∆udc3 at converter 3
for different values of the gain of converter 1 (Time simulations).
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Figure 10.11: Outage of converter 2 – Relative current sharing ∆idc3/Idc2 at
converter 3 for different values of the gain of converter 1 (Time simulations).

Figs. 10.10 – 10.11 show corresponding time domain responses of the DC
current and voltage at converter 3 for a selected number of gain settings. The
current-based droop control has been implemented using an averaged converter
model in MatDyn, an open-source Matlab-based stability program [166]. The
values indicated in Figs. 10.10 – 10.11 refer to the gain of converter 1. The
absolute gain values of the other converters are found using the corresponding
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relative values from Fig. 10.9. The DC network has been represented by lumped
π-equivalent models including line resistance, cable and converter capacitance.

As is clear from Figs. 10.10 – 10.11, the permissible values of the converter gains
are limited: On the one hand, the dynamic response of the DC system puts an
upper limit to the gain values, as discussed in [142]. On the other hand, the
gains cannot be chosen too low to avoid that the voltages deviate too much
from their setpoints.

10.5.3 Influence of the Line Length

In [177], it was shown that, when keeping the gains constant, an increasing
transmission line distance to one particular bus results in a decreasing power
balance from that particular bus. With similar gain values at different converters,
a DC grid therefore has the tendency to solve imbalances locally.

These findings are confirmed in this paper when accounting for the line lengths in
the optimization. This has been analyzed by scaling the lines to bus 3 by a scale
factor γ. The optimization has been repeated for a fixed value of w = 0.9924,
which corresponds to gain values of about 5 for γ = 1. Figs. 10.12 – 10.13
respectively show the voltage deviations after an outage of converter 2 and the
converter gains as a function of the scale factor γ. Fig. 10.13 demonstrates
that, when bus 3 is more remote (large values of scale factor γ), the converter
gain at bus 3 g3 has to be increased to maintain the current distribution as
equally balanced as possible (objective function f2 has been given a relatively
high priority). Similarly, the voltage drop at bus 3 decreases, indicating that a
remote bus as such is less affected by converter outages and requires a higher
converter gain.

When the transmission line length decreases (low values of scale factor γ), the
optimal gain of converter g3 approximates that of the nearby converters 1 and
4. For the same value of the optimization weighting factor w, the converter
gains can be increased since the different buses in the network become more
strongly coupled, resulting in lower voltage drops.



SIMULATION RESULTS 199

10−1 100 101

2

3

4

·10−2

Line length scale factor γ (–)

Vo
lta

ge
de

vi
at
io
n

∆
U
d
c
(p
.u
.) 1

2
3
4

Figure 10.12: Outage of converter 2 – Voltage deviations ∆Udc as a function of
the line length scaling factor γ (Scaling of lines 1 – 3 and 3 – 4).
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Figure 10.13: Outage of converter 2 – Converter gains g as a function of the
line length scaling factor γ (Scaling of lines 1 – 3 and 3 – 4).
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10.5.4 Accuracy of the Power-Based Droop Control Analysis

The analysis in this paper has been limited to current-based droop converters.
The results exactly hold, as all equations from Section 10.3.1 are linear. For the
power-based droop controller, a similar methodology was developed in Section
10.3.2 by linearizing the system at the pre-fault working point. In this part, it is
analyzed to what extent the results for the linearized power-based droop control
deviate from the actual results obtained by a power flow analysis. The power
flow results have been obtained using MatACDC, a free open-source power
flow analysis toolbox for hybrid AC/DC systems [167], using the power flow
droop formulation from [131]. The errors of the voltage and power deviations,
respectively εU and εP , are shown in Figs. 10.14 – 10.15 for an outage of
converter 2. The errors εU and εP for converter i are respectively defined as

εUi = ∆Udci −∆Udc,PFi
∆Udc,PFi

, (10.41)

εPi = ∆Pdci −∆Pdc,PFi
∆Pdc,PFi

, (10.42)

with ∆Udc,PFi and ∆Pdc,PFi respectively the voltage and power deviations
calculated using the power flow routines, with a tolerance of 1e-12 for the DC
system power flow. All converter gains have been chosen equal and are shown on
the x-axis in Figs. 10.14 – 10.15. When compared with the results of the current-
based droop control, a scaling factor of 2 has to be taken into account such
that gP = 2gI , in correspondence to the per unit convention Idc,b = Pdc,b/Udc,b.
The current-based converter gain gI of 5 used in the previous section thus
corresponds to a power-based gain gP of 10. This gain value has been decreased
and increased up to a factor 10, as shown in Figs. 10.14 – 10.15. It can be
observed that linearizing the power flow equations still leads to accurate results
as long as the gain values are not too low. For low gain values g (or high
droop values kdc), the errors increase due to the relatively higher share of the
droop-independent term in (10.22), approximating the droop controller as a
linearized constant power control.

From these results, it can be concluded that linearizing the power-based
equations, as done in Section 10.3.2, still yields good results for a wide range
of droop values and can be used to estimate the system response after a
contingency for realistic droop settings. However, the method cannot be used
to obtain accurate results in case the gains are chosen unrealistically low. As an
example, the system response with a power-based gain gP of 10, approximately
corresponding to a current-based gain gI of 5, leads to voltage drops in the range
of a few percents according to Fig. 10.7 and a reasonable accuracy according
to Figs. 10.14 – 10.15. When the gain is decreased by a factor 10, the voltage
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Figure 10.14: Outage of converter 2 – Voltage deviation error εU as a function
of the converter gains g.
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Figure 10.15: Outage of converter 2 – Power deviation error εP as a function of
the converter gains g.

deviation roughly increases by a factor 10 for the same outage, already yielding
unrealistic high values and therefore unrealistic low gain settings.
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10.6 Conclusion

In this paper, a method has been derived to address the power and current
sharing after a converter outage in a DC grid. The method can both be
applied for current-based and power-based droop control, but the accuracy for
the power-based droop control decreases with decreasing converter gains. An
optimization routine has been presented to show the trade-off one has to make
between limiting the steady-state voltage deviations after a contingency and
striving for an optimal current redistribution after a converter outage. A set of
gain values can therefore only be scaled to a limited extent without altering the
current distribution. By varying the line lengths, it has been shown that, with
comparable converter gain values, the DC grid has a tendency to solve deficits
locally.



Chapter 11

Conclusions and Future Work

This chapter presents the major findings and conclusions throughout the thesis
and suggests recommendations for future work.

11.1 Summary and Conclusions

In various visions presented for future grid upgrades, VSC HVDC is considered
as basic technology. Compared to point-to-point connections, considerable cost
reductions and increased reliability can be obtained by building a meshed DC
grid. However, the operation of several converters in a meshed multi-terminal
system poses a number of challenges. One of them is the appropriate DC voltage
control after DC grid contingencies such as converter outages. The DC voltage
control can be distributed over different converters, either by means of a voltage
margin control or a voltage droop control. The main contributions of this thesis
are in the development of steady-state and dynamic models, the development,
analysis and comparison of DC voltage control methods and the study of the
interactions of this control with the AC system and within the DC system.

In chapter 4, a general classification of DC voltage control strategies is presented,
thereby addressing the steady-state working characteristics. The requirements
for a DC grid voltage control are systematically introduced. It is discussed how
standard two-terminal control principles, such as constant voltage, constant
active power or current control and a voltage droop can generally be combined
to obtain more advanced control schemes.

203
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In chapter 5, an accurate steady-state model for VSC MTDC systems is
developed. In the literature, a strong focus has been on two-terminal VSC
HVDC systems and a general approach to VSC MTDC power flow calculations
has been missing. Contrary to earlier models, the model includes a detailed
converter representation, defining the power and voltage setpoints with respect
to the point of common coupling. Besides the converter reactor, the model
also allows to include the converter transformer and filters. The influence of
omitting the filters is addressed by analytically deriving the converter limits.
The power flow model presented, solves AC and DC systems sequentially and
iterates between them. When solving the AC system, the DC grid variables
are kept constant and the converter interaction with the AC system is modeled
by means of standard PQ- and PV-buses. Similarly, the AC grid quantities
are kept constant when solving the DC grid, in which the converters have been
modeled as constant power buses or as a constant voltage bus, thereby implicitly
extending the operational principles of two-terminal VSC HVDC schemes. An
additional iteration is necessary to calculate the losses of the converter connected
to the DC slack bus. As an alternative to the sequential power flow approach,
all equations can be combined and solved in one single iteration. The sequential
approach, however, has the advantage that it can straightforwardly be integrated
with existing AC power flow software, as illustrated in chapter 6.

In chapter 6, the newly developed open-source software package MatACDC is
presented. MatACDC is the first software of its kind, providing an open-source
software tool to researchers and power engineers studying the steady-state
interactions in hybrid AC/DC systems. The mathematical modeling used in the
software builds on the sequential approach presented in chapter 5 and extends
the DC grid model to represent droop-controlled converters. The converter
models are defined in a flexible manner and allow to include various converter
topologies, either including or excluding the converter transformer and filters.
All converter and DC quantities are accessed similar to the AC system data
in power flow programs and the DC grid data and converter parameters are
handled in a way similar to that of an AC network representation. The software
has been integrated with the open-source Matlab-based AC power flow package
Matpower. Due to the general formulation of the problem, the algorithm
allows to model various meshed, interconnected AC and DC grids with arbitrary
grid topologies. MatACDC can be used to investigate the effect of droop
settings and contingencies such as converter outages. Major efforts have been
made to keep the tool as flexible as possible for the user, as well as to keep the
source code easy to interpret and extend. It is shown how the model can easily
be extended to include user-defined models, such as current-based instead of
power-based droop characteristics.
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In chapter 7, a general electromechanical multi-terminal VSC HVDC model
is presented. The features of the model are that it has a cascaded control
scheme for MTDC systems that allows for voltage margin and voltage droop
control and that current and voltage limits are represented in detail. The
cascaded control structure also allows to include additional internal limits and
can be easily reconfigured to combine e.g. constant voltage control or constant
power/current control with droop control, as dealt with in chapter 8. It is shown
by simulations how the limits influence the dynamics and what the effects are of
neglecting converter limits and DC grid current dynamics. The results indicate
that reduced order models approximate the detailed model well. The model has
been implemented and tested using MatDyn, an open-source electromechanical
simulation toolbox and has been thoroughly tested against an implementation
in the commercially graded power system software EUROSTAG.

In chapter 8, alternative droop control schemes are investigated from both a
dynamic and a steady-state point of view. A first distinction has been made
between power- and current-based droop control. Simulation results show that
the major difference between power- and current-based droop control is mainly
reflected in the steady-state values after a contingency, rather than the dynamic
response, which is primarily determined by the DC grid dynamics and the
converter control parameters. The general control strategies from chapter 4 are
combined to obtain different droop-based control schemes including a constant
power and current deadband or alternatively constant voltage characteristics to
account for minor power variations in the DC grid. The chapter also introduces
a secondary voltage control strategy, which mainly aims at restoring the voltage
profile after a contingency. It is demonstrated that the overall DC voltage
profile can be changed with relatively small changes to the converter power
settings.

In chapter 9, the influence of the converter power sharing after a contingency on
the AC system transient stability is investigated by analyzing the input directions
causing the smallest effect on the system outputs due to disturbances at the
DC side. The DC system is simplified by using a coupled power injection model
for the converters. The methodology is based on singular value decomposition
and MIMO system analysis. Due to the voltage droop control, the outage
of a converter results in a systemwide power rescheduling by different other
converters. By analyzing the AC system response, it is shown that the power
rescheduling can be optimized from the point of view of the AC system dynamics.
In general, it is preferred to balance the power deficit or surplus caused by
the outage locally, but a challenge arises from the fact that the droop settings
determine the power sharing for each possible outage in the DC system and
that different outages can result in a different optimal power sharing and
corresponding droop settings.
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In the analysis from chapter 9, the DC grid has been left out of the analysis,
which corresponds to a “copper plate” approximation on the DC side, or to a
common voltage signal being used for the DC voltage control. In case a local
DC voltage is used as a feedback signal, the DC grid topology influences the
power sharing after an outage. In chapter 10, this influence has been derived
analytically, both for power- and current-based droop control. These analytical
expressions exactly hold for the current-based droop control. The linearized
analytical expressions for the power-based droop control are compared to the
steady-state power flow solution and the accuracy is found to decrease with
decreasing converter gains. An optimization routine is presented, showing
that from a steady-state perspective, a trade-off exists when selecting the
converter gains. On the one hand, the steady-state voltage deviations after a
contingency have to be limited and kept within reasonable bounds. From a
control perspective, on the other hand, the aim is to obtain an optimal power
or current redistribution after a converter outage, preferentially set by selecting
the appropriate gains and not by the characteristics of the DC system. The
analysis shows that a set of gain values can only be scaled to a limited extent
without altering the current distribution and that the DC grid has a tendency
to solve deficits locally, which is advantageous from the perspective of the AC
system stability.

The main contributions of the work can be summarized as follows:

• For the first time, a detailed steady-state power flow model for DC grids has
been developed, including voltage droop characteristics.

• An new open-source hybrid AC/DC power flow package, MatACDC has
been established, which is the first of its kind.

• A detailed dynamic cascaded converter control model has been designed.
• Various voltage droop control schemes have been modeled and compared in

detail, both dynamically and in steady-state.
• The influence of the power balancing after an outage on the AC grid stability

has been analyzed.
• It is shown to what extent the DC grid characteristics and the voltage droop

settings influence the balancing power distribution.
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11.2 Future Work

The introduction of DC grids is challenging the way the power system and the
different components have been modeled in the past. When compared to the
traditional division of AC system dynamics, the phenomena in DC systems are a
couple of orders of magnitude faster and pose a number of modeling challenges:

• The absence of a substantial level of energy storage, makes DC voltage
deviations much faster than AC frequency deviations, where the AC system
inertia determines the rate of change of frequency. This results in quasi-
instantaneous converter setpoint changes when considered from a traditional
AC system stability perspective.

• The absence of reactive grid elements limiting the short circuit current,
requires DC grid protection coordination to be a couple of orders of magnitude
faster than traditional AC system protection.

• The introduction of new generations of VSCs using modular multilevel
converters (MMC) with a large number of individually controlled modules
poses challenges with respect to converter modeling and representation in
system studies.

• The complex nature of the VSC converters and their control impede the
development of generalized, yet detailed converter models. Such models are
needed when converters from different manufacturers, each with their own
topology, control loops and time constants, are interconnected in one single
DC system.

The DC grid time constants are thus in general several orders of magnitude
smaller than those in AC systems. Furthermore, the clear distinction between
fast and slower system dynamics based on the AC system frequency no longer
applies to DC grids and might need to be revised for hybrid AC/DC systems.
Though there is a growing interest in interactions between AC and DC grids,
only limited attention has been paid so far to the fundamental influence of
modeling.

Other challenges arise from the introduction of voltage droop control since it
invokes a systemwide response as the result of a DC system contingency. The
introduction of DC grids therefore also challenges the secure operation of AC
power systems. Especially combined with the introduction of a massive amount
of renewable energy sources, this urges for new assessments of system reliability
that go beyond the existing N-1 criterium, which has to be replaced by more
advanced statistical methods.
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The following is a list for possible future work for which the models and control
methods developed in this thesis can serve as a starting point:

• Development of tools for DC grid operation The expected advent
of DC grids will increase the overall complexity of the transmission system
in terms of system operation. To guarantee a safe operation of a hybrid
AC/DC system, new tools have to be developed. Meanwhile, the principles
of the AC system operation need to be revised, thereby accounting for the
additional controllability and peculiarities of DC grids.
– DC grid power flow control After a fast restoration of the power

balance in the DC system, the post-fault DC grid needs to be restored.
In light of this, a possibility for future work is the development of control
schemes to restore the power flows between different zones according to
pre-fault conditions. Such a secondary power flow rescheduling after a
contingency could be combined with the voltage restoration control from
chapter 8.

– DC grid optimal system control The extra degrees of controllability
introduced by a DC system can be used to either transport power via
the DC or AC system in steady-state. For this purpose, the steady-state
models developed in this thesis can be extended to be used in Optimal
Power Flow (OPF) programs, to address the optimal operation of hybrid
AC/DC systems.

• Study of dynamic AC/DC system interactions
– Interactions with the nearby AC system A degraded AC system

state in the vicinity of the converter can impact the performance of the DC
grid. Future work in this direction could encompass the dynamic behavior
of the DC system, thereby accounting for the AC system characteristics at
the PCC (e.g. system strength, interconnections, ...). Such a study could
focus the DC grid performance under normal and faulted conditions. An
important aspect that needs to be addressed in this respect is the level
of detail needed in the DC system representation when addressing such
local interactions between AC and DC systems.

– Meshed AC/DC system interactions The initial fast system
response after DC system contingencies has its repercussions on the AC
system stability, as discussed in chapter 9. This possible thread for future
work could encompass a further study of dynamic interactions between
the AC system generators and the DC system converters. One of the
questions to be assessed is the extent to which dynamics in the DC system
are essential from the point of view of dynamic AC/DC system studies,
especially when the interactions between slow-acting AC generators and
fast-acting DC converters are investigated.

– Interactions with renewable energy sources Other control and
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modeling challenges arise when a massive integration of renewable energy
sources is considered: with the connection of a multitude of offshore wind
farms and possibly large-scale solar PV installations to a DC grid, it has
to be investigated to what extent these sources can contribute to the
control of the grid or to what extent a dynamic control of the DC grid
converter invokes interactions with the wind farm or PV converters.

With ever increasing computer performance, the traditional boundary
between phasor models and EMTP models are fading and it becomes possible
to model networks in full detail, thereby not being hindered by the limitations
traditionally imposed by phasor programs. However, accounting for very
detailed DC systems (not to mention full-detailed MMC converter switching
models) still poses a number of stringent limitations to the size of the
network. One of the solutions can be in the application and development
of hybrid models, with a detailed EMTP representation of the DC network
and the AC network in the vicinity of the converter, combined with a
standard electromechanical model for the rest of the AC network. Such
combined approaches are the subject of ongoing research, and could play an
important role in future power system modeling for dynamic AC/DC system
interactions.





Appendix A

Per Unit Definitions

This appendix contains a definition of different per unit conventions for the DC
system. The discussion is limited to the two per unit conventions used in the
thesis. The first per unit system is used throughout the manuscript, with the
exception of the classification in chapter 4, for which the second convention is
used. The base values have been chosen equal to the rated values.

A.1 Per unit system 1

In the first convention, the following base quantities are defined

Pdc,b=Pdc,N , (A.1)

Udc,b=Uptgdc,N , (A.2)

with subscripts b and N indicating respectively the per unit base values and
nominal values and superscript ptg indicating pole-to-ground values. Defining
the current base value

Idc,b = Pdc,b
Udc,b

= Pdc,N

Uptgdc,N

, (A.3)

and the impedance base value

Zdc,b = Udc,b
Idc,b

=
U2
dc,b

Pdc,b
=
Uptgdc,N

2

Pdc,N
, (A.4)
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this definition leads to the following per unit definitions for the DC system
quantities

Rdc,pu = Rdc
Zdc,b

in [p.u.], (A.5)

Ldc,pu = Ldc
Zdc,b

in [p.u.·s], (A.6)

Cdc,pu = Cdc · Zdc,b in [p.u.·s]. (A.7)

The main advantage of this per unit convention is that the per unit capacitance
value is given a physical meaning. It can be related to a time constant τC
defining the stored energy in the DC system capacitors as a fraction of the
nominal power, as defined in [200]. Thereby, it is implicitly assumed that the
two poles of the converter can be modeled independently. This leads to

τC = 2 ·
0.5 · Cptg · Uptgdc,N

2

Pdc,N
= Cptgdc,pu, (A.8)

for a bipolar or symmetrically grounded monopolar scheme.

A disadvantage of this method is that the distinction between monopolar schemes
on the one hand and symmetrically grounded monopolar and bipolar schemes on
the other hand is still reflected in the per unit values. With Pdc,N = Uptgdc,NIdc,N
for a monopolar scheme and Pdc,N = 2Uptgdc,NIdc,N for a bipolar or symmetrically
grounded monopolar scheme, the definition of Idc,b in terms of the nominal
current thus differs. Using (A.3), this definition leads to

Idc,b = 2 · Idc,N , (A.9)

for a bipolar or symmetrically grounded monopolar scheme and thus results
in a current of 0.5 p.u. under rated conditions. The convention leads to the
introduction of the parameter p in the per unit equation

Pdc = p · Udc · Idc, (A.10)

with p = 1 for a monopolar scheme and p = 2 for a bipolar or symmetrically
grounded monopolar scheme.

As a consequence of the definition of Idc,b from (A.3), the droop values kdc and
gains g for power- and current-based droop are related as

kdcP = kdcI
p
, (A.11)

gP = p · gI , (A.12)

with subscripts P and I denoting respectively power- and current-based droop.
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A.2 Per unit system 2

A second option is to account for the number of poles when defining the base
value for the per unit current. Hence, we again choose

Pdc,b=Pdc,N , (A.13)

Udc,b=Uptgdc,N , (A.14)

but now define Idc,b as

Idc,b=
Pdc,b
p · Udc,b

, (A.15)

with p = 1 for a monopolar scheme and p = 2 for a bipolar or symmetrically
grounded monopolar scheme. Substituting for (A.13) – (A.14) in (A.15)

Idc,b=Idc,N . (A.16)

This leads to the definition for Zdc,b as

Zdc,b=
Udc,b
Idc,b

=
pU2

dc,b

Pdc,b
. (A.17)

The per unit values of Rdc, Ldc and Cdc are as defined in (A.5) – (A.7).

The main advantage is that a current of 1 per unit corresponds to rated operating
conditions. Another advantage is that, due to the inclusion of p in the definition
of Idc,b in (A.15)

kdcP =kdcI , (A.18)

gP=gI . (A.19)

A disadvantage is that, contrary to the definition from A.1, the link with the
DC system dynamics is less apparent. For a bipolar or symmetrically grounded
monopolar system, we have

τC = 2 ·
0.5 · Cptg · Uptgdc,N

2

Pdc,N
=
Cptgdc,pu

2 , (A.20)

and the time constant corresponds to only half the per unit capacitance value.
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