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“In times of change,
learners inherit the earth,

while the learned find themselves
beautifully equipped to deal with
a world that no longer exists.”

Eric Hoffer
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Abstract

High Voltage Direct Current (HVDC) is a power electronics-based tech-
nology that enables the transmission of large amounts of power over long
distances, the integration of remote offshore wind power to the main land,
and the interconnection of asynchronous AC systems. The Modular Multi-
level Converter (MMC) is the state-of-the-art technology for Voltage Source
Converter (VSC) based HVDC applications.

As compared to the two-level converter, the MMC presents a more complex
control scheme. However, it brings additional flexibility into the system. As
a subject of broad and current interest, several works on the MMC have been
recently developed in the literature, and actual MMC-based HVDC projects
are currently being installed around the world. The present work focuses on
the control of the MMC for HVDC applications, aiming to understand the
additional degrees of freedom related to the internal energy of the MMC.

First, the DC voltage regulation in HVDC point-to-point links is addressed.
Different control structures are analysed and compared through simulations
and linear analysis, highlighting the challenges of shorter HVDC links. More-
over, an experimental validation using a scaled MMC-based point-to-point
link is carried out, particularly focusing on a novel experimental design of an
HVDC cable emulator. With such a laboratory setup, the simulated system
dynamics are contrasted with experiments. Furthermore, a generic controller
for the same application is presented, and different optimal tuning techniques
are investigated. Thus, the most suitable control gains are obtained automat-
ically based on system constraints.

In HVDC applications such as remote offshore wind farm clusters or iso-
lated systems with low or non-existing synchronous generation, the MMC
needs to operate as grid-forming. Although grid-forming is well-known in
two-level VSCs, the present work explores the role of the internal energy
of the MMC through different control structures. Both single and multiple
grid-forming scenarios are considered.

Finally, a multi-terminal HVDC grid where some terminals share the reg-
ulation of the DC voltage and others operate in grid-forming mode is consid-
ered. The distributed DC voltage droop control design methodology of such
a grid is addressed, considering converters with different ratings and dealing
with power sharing requirements as well as transient limitations.
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Resum

L’alta tensió en corrent continu (HVDC) és una tecnologia basada en
electrònica de potència que permet la transmissió de gran potència en distàn-
cies llargues, la integració de parcs eòlics marins remots a la xarxa terrestre,
i la interconnexió de sistemes aśıncrons de corrent altern. El convertidor mo-
dular multinivell (MMC) és la tecnologia més recent per aplicacions HVDC
basada en convertidors en font de tensió (VSC).

Comparat amb el convertidor de dos nivells, l’MMC presenta un esquema
de control més complex, però aporta una major flexibilitat al sistema. Degut
a l’interès actual per aquesta tecnologia, se’n poden trobar nombroses inves-
tigacions a la literatura. A més, s’ha fet palès un augment del nombre de
projectes HVDC basats en MMC arreu del món. Aquest treball es centra
en el control dels MMC per aplicacions HVDC, amb l’objectiu d’entendre els
graus de llibertat addicionals relacionats amb la seva energia interna.

En primer lloc, aquesta tesi tracta sobre el control de l’MMC per aplica-
cions de control de tensió cont́ınua en enllaços punt a punt. S’analitzen i es
comparen diverses estructures de control, remarcant els reptes dels enllaços
curts. A continuació, es realitza una validació experimental mitjançant un
enllaç punt a punt a escala basat en MMC, posant l’èmfasi en el disseny d’un
emulador de cable HVDC. D’aquesta manera, els resultats de les simulacions
es poden contrastar amb els experiments de laboratori. Com a darrer pas en
aquesta ĺınia, es presenta una estratègia de control genèrica i el càlcul òptim
dels seus paràmetres amb diferents mètodes. Aix́ı doncs, els guanys més ade-
quats pels controladors s’obtenen automàticament, basats en un conjunt de
restriccions sobre el sistema.

En aplicacions HVDC com els grans parcs eòlics marins o els sistemes äıllats
amb poca o cap generació śıncrona, un o diversos convertidors han de generar
la xarxa d’alterna. Tot i que aquest mode de funcionament és ha estat molt
estudiat en el cas de convertidors de dos nivells, en aquest treball s’investiga
el rol de l’energia interna de l’MMC, implementant diferents estructures de
control en escenaris amb un i diversos convertidors.

Finalment, es considera una xarxa HVDC multiterminal, en la qual un
conjunt de convertidors controla la tensió cont́ınua i d’altres formen la xarxa
d’alterna. En aquest escenari, es planteja el disseny del control distribüıt
de tensió cont́ınua, tenint en compte convertidors de diferents potències i
considerant la distribució del flux de potència, aix́ı com els ĺımits transitoris.
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REE Red Eléctrica de España
RES Renewable Energy Sources
RMS Root Mean Square
SACOI Sardinia and Corsica Islands
SCR Short-Circuit Ratio
SISO Single-Input Single-Output
SQP Sequential Quadratic Programming
SRF Synchronous Rotating Frame
SVD Singular Value Decomposition
SSTI Steady-State Time Invariant
TSO Transmission System Operator
UCM Uncompensated Modulation
UHVDC Ultra High Voltage Direct Current
ULM Universal Line Model
UPC Universitat Politècnica de Catalunya
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Chapter 1

Introduction

1.1 Current context

Nowadays, the way electricity is produced and consumed has undergone im-
portant changes as compared to few years ago. It is undeniable that the
power system is evolving at a high pace and that a new scenario is emerging.
This difference is mainly found in the increase of renewable energy generation,
particularly wind and solar power. It is obvious that these environmental-
friendly resources of energy will gradually replace conventional thermal power
plants. Also, it is remarkable that some environmental policies are pointing
to the closure of nuclear facilities due to security and nuclear waste treatment
concerns. Furthermore, storage, demand-side response and electric mobility
will provide the power system with high flexibility, and the whole electric
value chain is already influenced by digitalisation [1].

This near future scenario poses some new challenges. In most cases, these
renewable sources will be located far away from the consumption areas, which
means that there is a necessity of a new infrastructure that transports this
energy, as well as optimising the already existing one. This is where power
electronics, and more specifically high-voltage direct current (HVDC) tech-
nology, comes into play. It is well-known that high-voltage alternating current
(HVAC) presents limitations related to reactive power. This is the case of long
submarine and underground links, and also very long overhead connections.
In such cases, beyond a certain distance it is more cost-effective to adopt
direct current (DC) rather than alternating current (AC) technology [2].

Several HVDC connections already exist around the world. For instance,
in the Spanish context, a 2×200 MW submarine connection between the
Spanish peninsula and Mallorca island [3]), and the 2×1000 MW under-
ground interconnection between Spain and France through the Pyrenees [4,5]
(Fig. 1.1). A new project expected to be commissioned in 2025 is the Biscay
Gulf project, another interconnection between Spain and France of 2×1000
MW. This 370 km link will be the first undersea connection between both

1



Chapter 1 Introduction

countries, with 280 km of submarine cable [6] (Fig. 1.2. Both are part of the
Interconexión Eléctrica España-Francia (INELFE) project.

Fig. 1.1: Baixas (France) - Santa Llogaia (Spain) connection (INELFE) [7]

Fig. 1.2: Cubnezais (France) - Gatika (Spain) connection (INELFE) [7]

The 2030 National Energy and Climate Plans (NECPs) establish a 32%
of renewable energy target in Europe. Therefore, the next 10 years will be
crucial for each European country to develop and implement the necessary
solutions to achieve that goal, and in such a context, wind energy will be a
key player, both onshore and offshore [8]. The yearly onshore and offshore
installations in Europe from 2013 to 2023, as well as the overall cumulative
capacity, are shown in Fig. 1.3. The tendency is clearly upward, specially in
the case of offshore wind (2023 estimate).

By 2023, Germany will remain as the first country with the largest wind
fleet (a total amount of 72 GW in the Central Scenario, and the leader in
onshore wind), followed by Spain (32 GW) and the UK (29 GW) [8]. Regard-
ing offshore wind, the United Kingdom will remain on the top of the list (see
Fig. 1.4). By 2050, Europe is expected to have a total amount of 450 GW
of offshore wind power generation: 212 GW in the North Sea, 85 GW in the
Atlantic Ocean, 83 GW in the Baltic Sea and 70 GW in Southern European
waters [9].

Friends of Sustainable Grids (FOSG) is an institution that gathers several
European organizations that are working on the idea of the Supergrid the
future (Fig. 1.5), which is defined as a pan-European transmission network
facilitating the integration of large-scale renewable energy and the balancing
and transportation of electricity with the aim of improving the European
market [10].

2



1.1 Current context

Fig. 1.3: Yearly and cumulative total wind generation capacity in Europe
(2013-2023) [8]

Fig. 1.4: Yearly offshore wind generation capacity in Europe (2018-2023) [8]
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Fig. 1.5: The conceptualisation of the European Supergrid [10]

The Supergrid is a key enabler for a secure, cost-effective and sustainable
power system. Such a grid, made of HVDC links, interconnectors and AC
ultra-high power transmission, offers ways to extend the solidarity promoted
by the EU energy policy in line with the evolution of the European power
system. The bulk power highways provided by the Supergrid will complement
the deployment of local renewable energy sources (RES) solutions and add
flexibility to the new microgrids systems [10].

From a worldwide perspective, the number of offshore wind installations
in the last years has been also relevant. China installed 1.8 GW of offshore
in 2018, more than any other country in the world, and the emerging Asian
market will surely take a leading role [11]. Besides, China is building its own
hybrid AC/DC supergrid, the biggest in the world, with more than 30000 km
of UHVDC (Ultra HVDC) lines (Fig. 1.6).

Although these supergrids contribute towards a more sustainable model,
they present important technological challenges for the power system. This
is due to the amount of power electronics devices that are (and will be)
part of the whole transmission system. China is already seeing problems in
the stability of the grid, which has led to operate the HVDC links at a low
capacity to avoid potential cascaded blackouts in case of HVDC lines trips.
One of the solutions they are studying is to keep increasing the number of
HVAC lines to make the AC system more robust [12]. Most of the currently
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installed HVDC links in China are thyristor-based, whereas with the latest
advances in transistor-based HVDC technology most of these problems could
be solved through meshed HVDC grids [13]. However, the transistor-based
technology has not yet seen power levels as high as the thyristor-based one.
Therefore, these different visions will likely co-exist and evolve during the
upcoming years.

Fig. 1.6: China’s hybrid AC/DC grids [12]

1.2 HVDC transmission

1.2.1 Converter technology

HVDC is becoming a relevant technology within the power system. Sub-
marine connections for offshore wind integration, interconnection of asyn-
chronous AC systems, and very long distances are its main applications [14].
There are two main converter technologies regarding HVDC transmission:
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� Line Commutated Converter

The Line-Commutated Converter (LCC) uses thyristors as switches,
and it is already a well-established and mature technology for HVDC.
However, it presents some disadvantages: polarity change is needed to
enable power flow reversal, a stable AC grid has to be available for
the feasible operation of the converter, and bulky filters are required.
Thyristors are line-commutated devices, meaning that they can be trig-
gered sending a pulse to its gate but they require an AC grid to switch
off. Because of this fact, they cannot feed passive loads or create an
isolated AC grid by themselves. They cannot control independently
active and reactive power and require bulky filters. Nonetheless, this
technology has achieved a high degree of reliability and maturity since
many decades ago, and it is suitable for Ultra HVDC (UHVDC) (i.e.
pole-to-pole DC voltages higher than 1000 kV), specially in China [12].

� Voltage Source Converter (VSC)

Voltage Source Converters are based on Insulated Gate Bipolar Tran-
sistors (IGBTs). They are self-commutated devices, which means that
they do not require the grid to commutate. For this reason, they are
able to feed passive loads or create an isolated AC grid. Moreover,
VSCs have black-start capability, and they can control active and re-
active power independently [15]. Harmonics are reduced, which leads
to a reduction of size of the filters and consequently the footprint of
the converter, as compared to LCC. A drawback of VSCs is that their
losses are higher than an LCC station of the same power. Besides, the
power rating for VSCs is still smaller than for LCCs. Traditionally, VSC
was based on two-level (2L) and three-level (3L) converters. However,
new generations already use Modular Multilevel Converters (MMC),
specifically for high voltage applications (Fig. 1.7). This converter uses
sub-modules in series that are either inserted or bypassed, being able to
synthesize an stepped sinusoidal voltage waveform with low harmonic
content, which allows for further filters reduction [14]. Also, it presents
lower losses, scalability and redundancy [16,17].

Although most of the offshore wind power plants (OWPPs) are con-
nected through AC, VSC-HVDC based interconnections are key for
remote OWPPs. The first VSC-HVDC based offshore wind farm was
BorWin1 [18], built in the North Sea in 2009 by ABB. The converter
technology used is the Cascaded two-level (CTL), which is a 2L-VSC
with several IGBTs in series that switch together. Several VSC-HVDC
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links for integration of offshore wind have been commissioned success-
fully in the North Sea since then, e.g. DolWin1 and DolWin2 [19]
from ABB. In those cases, the technology was MMC, using a num-
ber of series connected IGBTs in each submodule. Examples from
Siemens are BorWin2, SylWin1, HelWin1, HelWin2 and BorWin3 [20],
all of them belonging to TenneT [21], the German-Dutch transmis-
sion system operator (TSO). In this case, the converter topology is
MMC. Also, MMC-based VSC-HVDC has been used for several in-
terconnectors, such as Trans Bay Cable [22] (USA, 2010), the afore-
mentioned INELFE project [5] (Spain-France, 2015), Cobra Cable [23]
(The Netherlands-Denmark, 2019) and the Maritime Link [24] (Canada,
2019), among others. Moreover, several are planned for 2020, such
as NordLink [25] (Germany-Norway, ABB) and Eleclink [26] (Great
Britain-France, Siemens).

A picture of one of the substations of the first INELFE project is shown
in Fig. 1.8. This one corresponds to Santa Llogaia substation, in the
Spanish side of the link. Different parts can be observed: the buildings
with the MMCs inside, transformers, filters and the AC substation. A
picture of the inside of the MMC building is shown in Fig. 1.9, which
is composed by hundreds of submodules. A detailed picture of one
submodule is shown in Fig. 1.10.

Fig. 1.8: INELFE project – Santa Llogaia substation in Spain (Courtesy of
Siemens)
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1.2 HVDC transmission

Fig. 1.9: INELFE project – MMC (Courtesy of Siemens)

Fig. 1.10: Power module of the MMC (Courtesy of Siemens)
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1.2.2 Topologies and configurations

Depending on how the different converters of an HVDC system are dis-
tributed, they can be classified in the following topologies [2]:

� Back-to-back

In this topology, both the rectifier and the inverter are located in the
same place, connected either through a very short HVDC link or with-
out any link. Back-to-back topology enables the interconnection of
asynchronous AC systems, for instance in the case of two neighbouring
areas working at different frequencies.

� Point-to-point

This is the most extended topology, based on the connection of two
converter stations, either separated by long distances, with the aim of
bulk-power delivery, or subsea/underground connections usually longer
than 60-80 km.

� Multi-terminal

Multi-terminal (MT) systems contain, at least, three converter stations,
separated and linked by DC transmission lines [27]. Within this topol-
ogy, the power flows have only one path to go from one station to
another. This scheme presents some advantages regarding flexibility,
although its control and operation become challenging. Up to now,
there are five MT-HVDC systems running worldwide. Three of them
are LCC-based: Quebec-New England (Canada-USA), the SACOI sys-
tem (Italy mainland-Sardinia and Corsica islands), and the UHVDC
North-East Agra in India [16, 28]. The other two employ VSC-based
HVDC, and have been installed in China: Nan’ao wind farm three-
terminal project [29, 30] (2013), and Zhoushan five-terminal HVDC
project [31, 32] (2014). Furthermore, the idea of combining the advan-
tages of LCC and VSC through hybrid LCC-VSC systems has gained
relevance in the last years [33]. The Wudongde project for hydro power
transmission in the China Southern Power Grid (CSG) network is the
first hybrid MT-HVDC installation in the world, which is planned to
be in operation in the next years [34].

� Meshed DC grid

Meshed DC grids are multi-terminal setups (with three or more sta-
tions) with DC interconnections conforming a mesh. This means that
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1.2 HVDC transmission

power flows have different possible paths throughout the grid when
flowing from one converter to the other. Meshed grids are more flexible
than multi-terminal topologies. However, they may need additional de-
vices to rule the power flows. There are different projects or initiatives
calling for a DC grid interconnecting several countries of Europe. Some
examples are the North Sea Wind Power Hub (NSWPH) [35] and the
North Seas Countries’ Offshore Grid Initiative (NSCOGI) [36]. Both
could be building blocks of the so-called European Supergrid (Fig. 1.5).
Another recent project is the four-terminal meshed DC grid in Zhang-
bei, aiming to integrate bulk wind, hydro and solar power resources
into Beijing. Additional terminals are planned to be added and expand
the original meshed DC grid in 2021 [37,38].

Several configurations exist in terms of interconnecting the different con-
verter stations within an HVDC system. The three main ones are listed in
the following [39,40]:

� Asymmetrical monopole

One active conductor at the converter rated voltage and one neutral
conductor (or metallic return) at near zero voltage are used in the
asymmetrical monopole configuration (Fig. 1.11). The neutral conduc-
tor is rated at the nominal current, but the insulation is much lower as
compared to the active conductor, thus implying a lower cost. In some
cases, a ground return can be considered instead, if earth currents are
allowed and both terminals are grounded. In order to prevent the neu-
tral conductor to raise its voltage, it has to be low-impedance or solidly
grounded. However, in case of faults, the current increases faster, and
fault clearance schemes are needed. Therefore, it might be useful to
consider other grounding schemes (resistive, inductive, etc.) to over-
come steady-state and transient fault current and voltage issues [40].

� Symmetrical monopole

Two active high-voltage conductors withstand half the converter rated
voltage and operate at opposite DC voltages (positive and negative)
in the symmetrical monopole configuration. A neutral point is usually
available by means of symmetrical DC capacitors connected to each
pole. This neutral point can be grounded with low or high impedances.
After a fault, in the first case the voltage of the neutral point is close
to zero, and the healthy pole raises its voltage until the converter rated
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Fig. 1.11: Asymmetrical monopole configuration

voltage value. In the second case, the voltage of the neutral point is not
zero, and the converter voltage is shared between the capacitors. The
steady-state fault current is zero in all cases, unless the AC side trans-
former is star-grounded at the converter side, or omitted [40]. Thus,
fault clearance strategies can be slower in the symmetrical monopole
case, and usually they rely on the AC side protection. The present
thesis focuses on this kind of configuration. However, as this work does
not deal with faults, the impact of using this configuration or another
one is not so significant.
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Fig. 1.12: Symmetrical monopole configuration

� Bipole

In the bipolar configuration, two asymmetrical monopoles are connected
through the ground connected pole, usually metallic return. In each of
the AC sides, two converters operate in parallel, each of them with
its own transformer. This configuration offers redundancy in the sense
that it can remain in operation if one pole is lost. In that case, the
remaining healthy pole operates as an asymmetrical monopole.
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Fig. 1.13: Bipole configuration

1.3 Objectives and scope

Several past and more recent works in the literature deal with different kinds
of VSC-based HVDC systems. The majority of these studies are based on 2L-
VSC converters, as a way of simplifying the system and easing the analyses.
In reality, at the power system transmission level, the converters used are
in most cases MMCs. The main research question that this thesis aims to
answer is the following:

� What is the impact and what are the capabilities of the MMC in HVDC
applications?

Of course, this is a very broad topic, and some boundaries need to be es-
tablished to address more specific questions. In general terms, the present
work considers detailed MMC models, in order to thoroughly investigate the
impact of the MMC in the different high-voltage systems under study, avoid-
ing inaccuracies related to using equivalent 2L-VSC models. A conceptual
scheme of the different control layers of the MMC is shown in Fig. 1.14. The
main focus of this thesis is put on the outer control of the MMC, where the
total energy plays a crucial role. Thus, an energy-based control approach
is adopted, meaning that the energy of the MMC’s arms is explicitly con-
trolled, which will be discussed and justified later on. Whereas the internal
current loops are considered in the models as they affect the system dynam-
ics, the modulation and the submodule sorting algorithms are excluded, as
these internal control layers are independent from the other ones. Instead,
average models are used for the converters, as will be discussed in Chapter 2.
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Based on these premises, some more specific questions are formulated to
better define the scope of this thesis, which correspond to the objectives of
the thesis:

1. What control structures are reasonable to be implemented in MMCs
controlling the DC voltage? How do they compare against each other,
what is their impact and when are they more suitable?

2. What tuning techniques can be useful to optimally tune the MMC
controllers under specific requirements, to achieve an adequate dynamic
performance?

3. What role does the internal energy play in MMCs operating in grid-
forming mode, under the classic frequency-droop control approach?

4. What is the impact of the MMC in multi-terminal HVDC systems where
DC voltage droop control is adopted, and how can the control system
be properly designed?

A conceptual overview of the different systems and applications analysed
in this work is depicted in Fig. 1.15, which can be seen as a roadmap of the
different objectives of the thesis. This system consists of a conceptualisation
of the power system of the future, looking a few years ahead. Such a system
includes a relevant number of power electronics devices (HVDC) integrated
into the AC system, used to integrate renewable energy resources, connect
islanded systems and interconnect the overall system to share clean energy
resources. Different elements of such a complex power system are analysed
in this thesis, aiming to answer the aforementioned questions.
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The numbers indicated in this figure correspond to the systems related to
each of the objectives:

1. Analysis of control structures of a master MMC in a point-to-
point HVDC link. Thanks to the degrees of freedom offered by the
MMC topology, different alternatives for the control structure are dis-
cussed and analysed. Using a point-to-point HVDC link 1 as a case
study, small-signal analysis is performed, in order to identify potential
instabilities and interactions in each case. Special emphasis is put on
the effect of the link length. The reason to focus on the master con-
verter is that the control of the DC voltage with MMCs is particularly
challenging due to the lack of a big capacitance in the DC terminals,
and the control structure is not clear. On the contrary, the control of
a slave converter, which controls the AC power, can be implemented
in the same way as in 2L-VSCs, and the energy control is implemented
independently. That control scheme is already consistent and does not
present relevant challenges as long as the DC voltage is stable, which
is the responsibility of the master converter.

� Experimental laboratory validation of the MMC-based
point-to-point HVDC link. Complementarily to the previous
objective, an experimental platform is set up and used to demon-
strate the stable operation of the system. A scaled HVDC cable,
as a crucial element of the system, is designed and built. A com-
parison between the simulated high-voltage real system and the
laboratory-scaled low-voltage equivalent platform is performed to
show the validity of the results.

2. Design of an optimally tuned generic control structure for
a master MMC and exploration of its dynamic performance
capabilities. Based on the control structures comparison carried out
in the first stages of this research, a generic multivariable controller
for a master MMC 2 , which includes the controllers discussed in the
previous point as particular cases, is presented. An optimal tuning
of the control parameters based on different criteria and methods is
investigated, while emphasising the effect of the external DC side energy
and the internal MMC energy.

3. Analysis of the role of the internal energy of the MMC in grid-
forming operation. Moving into the other main operation mode, i.e.
when the converter generates the AC grid voltage and frequency 3 ,
different control structures for the internal MMC energy are explored.
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The mitigation and firewall capabilities of the MMC (i.e. the efficient
use of the MMC internal energy to prevent the propagation of distur-
bances between the AC and DC sides) are investigated when frequency
droop and AC voltage control are implemented in the MMC. These sce-
narios include remote offshore wind farm integration, islanded systems,
and completely passive systems, in both single or multiple converter se-
tups. The single grid-forming case is investigated through small-signal
analysis and the different control structures are designed using optimal
tuning, whereas a multiple grid-forming setup is simulated to extend
the results.

4. Design methodology of the MMC controllers in a multi-terminal
setup. A further and final step of the present work is to design the con-
trollers of the MMCs that regulate the DC voltage within a MT-HVDC
network 4 , ensuring an adequate power sharing. As this scenario
is an extended case study that includes some of the aforementioned
applications, some of the previous outcomes are taken into account.
Therefore, the study focuses on the DC voltage control through dif-
ferent droop structures in a generic scenario where the MMCs can be
rated at different powers. Stability analysis, optimal tuning design and
time-domain simulations are used to the present the results.

1.4 Thesis outline

The content of the thesis is organised in the following chapters and appen-
dices:

� Chapter 2 presents the overall MMC control used throughout the
thesis, and the non-linear and linearised models of the elements that
compose the different systems under study (previous work necessary to
develop the objectives of the thesis).

� Chapter 3 analyses different control structures of the MMC operating
in DC voltage control mode, using a case study of a point-to-point
HVDC link. It is emphasised how a short link can degrade the dynamic
performance and the stability of the system (objective 1).

� Chapter 4 presents a laboratory-scaled experimental setup of an MMC-
based point-to-point HVDC link. A frequency dependant DC cable em-
ulator is designed and built, and the performance of the HVDC link is
validated experimentally (complementary to objective 1).
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� Chapter 5 investigates a generic multivariable controller for DC volt-
age control mode, focusing on its tuning via optimal control techniques
under different requirements to achieve an adequate dynamic perfor-
mance (objective 2).

� Chapter 6 analyses the role of the MMC in grid-forming mode op-
eration. Different structures are presented and their capabilities are
investigated (objective 3).

� Chapter 7 extends the aforementioned results to the MT-HVDC grid
case, proposing a systematic control design for a generic system with
DC voltage droop controlled MMCs (objective 4).

� Appendix A lists the publications from the author, both related and
non-related to the thesis.

� Appendix B presents relevant mathematical transformations used
throughout the thesis.

� Appendix C briefly covers the fundamentals of small-signal analysis,
which has been widely used in the present work.

� Appendix D presents the characterisation of the MMC transformer
from the experimental test bench, through open-circuit and short-circuit
tests.

1.5 Work developed during the thesis

A summary of the work and the relevant activities that the author has been
involved in during the development of the thesis is presented in this section.
This is also summarised in Fig. 1.16.

In September 2015, a project with the Spanish TSO (REE) called “FACTS:
state of the art” started. This work consisted of a review of the current
trends in FACTS technology, relevant manufacturing companies, existing and
ongoing installations and a thorough technical analysis, as well as design
guidelines. Despite the confidentiality of such a reference guide, which REE
will use for their own purposes, part of this work was published by Futured
in the technical guide [O1]. This work is not included in the thesis.

In 2016, another project with REE started. It was related to the design
and teaching of a course dealing with interactions of power electronics in
power systems, with the objective of training engineers and technicians from

18



1.5 Work developed during the thesis

different departments of REE in this topic. There was a total amount of
three editions of the course, that was taught during 2017. This work is not
included in the thesis.

Also in 2016, the three-year project called “Breaking technical, economical
and regulatory barriers for the development of DC Supergrids” (ENE2015-
67048-C4-1-R), funded by Ministerio de Economı́a y Competitividad (Spanish
Government), started. A relevant portion of the work carried out in this
thesis is related to this project. The first article that was published was the
conference paper [C1], based on an initial analysis of the impact of MMCs
in droop controlled MT-HVDC grids. Following on this study, a more in-
depth work on the MMC control was addressed, resulting in the journal
paper [J1], comparing different control structures of an MMC controlling
the DC voltage, e.g. the master converter of a point-to-point HVDC link,
and highlighting the problem of short HVDC links. This was also done in
collaboration with Imperial College London. Furthermore, based on this
work, another conference paper [C2] was published, dealing with the impact of
the DC and internal MMC capacitances in the performance of the converter.

The first international placement took place from November 2017 to March
2018, at the Automatic Control Laboratory, ETH Zürich, Switzerland. The
topic was control of grid-forming converters and optimal tuning techniques,
which resulted in the journal paper [J2]. After this first contact between
CITCEA-UPC and ETH, an active collaboration has been established be-
tween both institutions.

The second international placement was carried out from September 2018
to December 2018, at the Control and Power research group, Imperial College
London, United Kingdom. The topic was related to experimental validation
of a scaled point-to-point MMC-based HVDC platform, and resulted in the
conference paper [C3]. Future collaborations are also expected to be estab-
lished in relation with this topic.

In 2019, another three-year project called “Control of a grid composed by
multiple AC and DC grids interconnected through power electronics convert-
ers” (RTI2018-095429-B-I00), funded by Agencia Estatal de Investigación
(Spanish Government), started. The project has also been closely related to
the work developed in this thesis. So far, it has partially led to the afore-
mentioned publication [J2], and to another journal paper [J3] dealing with
the role of the internal energy through different control structures in MMCs
operating in grid-forming mode.

Moreover, the author has collaborated with other researchers in the group,
resulting in the respective outcomes: a conference paper [C5] and a journal
paper [J4] related to fractional PR controllers in VSCs; a conference paper
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[C6] and a journal paper [J5] dealing with DC voltage droop control design;
and two conference papers on the topic of stability and interaction analysis of
DFIG-based WPPs with MMC-based HVDC links [C7] and islanded power
systems containing VSC and LCC HVDC links [C8].

The author is also a PhD Candidate of the EIT InnoEnergy PhD School
programme. This European institution focuses on bolstering the connections
between industry and academia in order to create collaborative opportunities
between laboratories and the actual market. The InnoEnergy PhD School
allows doctoral candidates to complement their research with essential en-
trepreneurial, business and innovation training, together with personal skills.

FACTS technology: state of the art

Interactions of power electronics

2016

2017

2018

2019

2020

First international secondment

Second international secondment

        SUPERRED

ENE2015-67048-C4-1-R

    GRID OF GRIDS

ENE2015-67048-C4-1-R

Industry projects

Research projects

Research mobility

in power systems

Fig. 1.16: Timeline of the projects and main activities carried out during the
thesis
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Chapter 2

System modelling and control

2.1 Introduction

As the work of this thesis is mainly based on the simulation of electrical
systems and on the analysis of the dynamic properties of them, the modelling
of the different elements and subsystems must be carefully addressed. This is
a key aspect in the sense that these models aim to represent the real system
elements. The modelling of power electronics converters can be addressed at
different levels of detail. Seven different model types are presented in [41],
from full physics models to RMS load-flow models. In a more general way,
and from the point of view of the present work, three main types of models
can be identified:

� Non-linear switched model: While different level of details can be ex-
pected in such a model [41], in general it includes an explicit repre-
sentation of the submodules and switching events. It is mainly useful
for the assessment of components stress, submodule control strategies,
modulation and fault analysis. As it is not within the scope of this
thesis to analyse the aforementioned issues, this model is not used in
any of the studies that will be presented.

� Non-linear average model: This model avoids the modelling of the swit-
ches and the submodules, and hence does not consider neither the mod-
ulation nor the sorting algorithms. Instead, the internal arms are sim-
plified and replaced by Average Arm Models (AAM), which consider-
ably reduces the simulation time. This model and variations of the
same concept are well established in recent literature [42, 43], and has
been also validated experimentally [44]. This model is widely accepted
for analysis and controller design. In the present thesis, this model has
been implemented in Matlab Simulink and it is used as a benchmark
reference model.
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� Linearised model: This model is based on the previous non-linear aver-
aged model. Non-linear elements such as saturations are removed, and
non-linear equations are linearised. As it will be seen next, the energy
balance between arms and legs is also simplified, and a single overall
energy equation is used. This model is suitable for small-signal analysis,
allowing for the study of stability, modes of the system, participation
factors, frequency response and also optimal control tuning based on
different system metrics.

As mentioned in the introduction, the Modular Multilevel Converter (MMC)
has emerged as the preferred VSC alternative because of low losses, low har-
monic distortion, scalability and redundancy [16, 17]. However, the control
of the MMC becomes more challenging than the classic two-level (2L) VSC,
due to the extra degrees of freedom inherent to its topology. A description
of the MMC control adopted in this work is presented in this chapter.

In order to obtain intrinsic information from the system that can not be
retrieved from time-domain simulations (i.e. stability, inherent modes of the
system, etc.), small-signal analysis (see Appendix C) has to be used. In that
case, the analytical model of the system needs to be known, which can be a
problem if some parts of the system are uncertain or unknown. Even if the
analytical model is known, it has to be linear, which is not usually the case.
If the model is non-linear, it must be linearised, meaning that the conclusions
obtained from the subsequent analysis will be only valid at an area close to
the operating point. The more non-linear the system, the smaller the region
where the model is valid. In this chapter, the linearisation of such non-linear
models is derived, which will be used throughout the thesis for the aforemen-
tioned purposes. It has to be noted that the small-signal analysis has to be
complemented with non-linear simulations through an EMTP (Electromag-
netic Transient Program), in order to validate the results and conclusions
obtained with the linear analysis. In the present work, average models have
been used, as fault studies have not been investigated in detail.

2.2 MMC electrical circuit and steady-state model

2.2.1 Electrical circuit

The MMC is composed by three upper arms and three lower arms. The
upper arms are star-connected (top part of the electrical circuit in Fig. 2.1),
and the same applies for the lower arms (bottom part of the electrical circuit
in Fig. 2.1). Each of the nodes where the arms are connected correspond to
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the positive and the negative poles of the DC side, respectively. Each pair of
upper-lower arms corresponds to a leg, i.e. a phase, and the middle point of
each leg is connected to the corresponding phase of a transformer or a phase
reactor on the AC side.

Using voltage Kirchhoff’s law, the MMC equations per phase (j = a, b, c)
are

V dc
u − vju − uj − vn = Rai

j
u + La

diju
dt

+Rsi
j
s + Ls

dijs
dt

(2.1)

− V dc
l + vjl − u

j − vn = −Raijl − La
dijl
dt

+Rsi
j
s + Ls

dijs
dt

(2.2)

being

Ra, La: arm resistance and inductance.
Rs, Ls: AC grid filter (usually transformer) resistance and inductance.
V dc
u , V dc

l : upper and lower voltages of the HVDC link.

vju, vjl : voltages applied by the upper and lower arms.
uj : point of common coupling (PCC) voltage.
vn: neutral point voltage.
iju, ijl : current flowing through the upper and lower arms.

ijs: AC grid current.

For convenience, the following variable change is defined

vjdiff ,
1

2
(−vju + vjl )

vjsum , v
j
u + vjl

ijsum ,
1

2
(iju + ijl )

R , Rs +
Ra
2

L , Ls +
La
2

,



vju = −vjdiff +
1

2
vjsum

vjl = vjdiff +
1

2
vjsum

iju =
1

2
ijs + ijsum

ijl = −1

2
ijs + ijsum

(2.3)

being

vjdiff: differential voltage, which is approximately equal to the AC voltage at
the mid point of leg j.
ijsum: additive current, which circulates from the upper to the lower arm of
leg j.
vjsum: additive voltage, which is approximately equal to the sum of the DC
poles voltages.
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2.2 MMC electrical circuit and steady-state model

Adding and subtracting (2.1) and (2.2), using the variable change from
(2.3) leads to

1

2
(V dc
u − V dc

l ) + vjdiff − u
j − vn = Rijs + L

dijs
dt

(2.4)

vjsum − (V dc
u + V dc

l ) = −2Rai
j
sum − 2La

dijsum

dt
(2.5)

Equations (2.4) and (2.5) (j = a, b, c) only contain a single derivative term
(ijs and ijsum, respectively). This is suitable for state-space representation, as
well as for designing a control scheme where each component has a clear role,
as will be seen next.

Regarding the internal capacitors of the converter arms, an Average Arm
Model (AAM) [45] has been considered for each of the six arms of the MMC
(see Fig. 2.1), i.e. an overall capacitance Ceq aggregating all the submodules
capacitors is considered for each arm. Each equivalent capacitance voltage1

vabcCul ∈ R6 depends on the power exchanged by each arm, which is reflected
as a charging current iabcCul ∈ R6 in each capacitor circuit (2.6). Note that
I6 ∈ R6×6 is the identity matrix. Furthermore, the modulated currents and
voltages of each arm are calculated as (2.7) and (2.8), respectively. Note that
◦ denotes the element-wise product of vectors.

iabcCul = CeqI6
dvabcCul

dt
(2.6)

iabcCul = mabc
ul ◦ iabcul (2.7)

vabcul = mabc
ul ◦ vabcCul (2.8)

This recalls the well-known 2L-VSC average model, where a single average
model composed by a DC current source and three AC voltage sources is used
to couple the AC and DC side powers. In the MMC case, six average models
composed by one DC current source and one AC voltage source are used to
independently establish the power balance of each of the six internal arms.

1Notation xabcul will be used from now on, which is defined as xabcul = (xau x
b
u x

c
u x

a
l x

b
l x

c
l )
T
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Chapter 2 System modelling and control

2.2.2 Steady-state analysis

In order to understand the degrees of freedom offered by the MMC, a steady-
state analysis is carried out. Using the following definitions

V dc
off ,

1

2
(V dc
u − V dc

l ) , V dc
t , V

dc
u + V dc

l (2.9)

equations (2.4) and (2.5) can be expressed as

vabcdiff − uabc + (V dc
off − vn)[1 1 1]T = RI3i

abc
s + LI3

diabcs
dt

(2.10)

vabcsum − V dc
t [1 1 1]T = −2RaI3i

abc
sum − 2LaI3

diabcsum

dt
(2.11)

where vabcdiff, u
abc, vabcsum, i

abc
s , iabcsum ∈ R3, and I3 ∈ R3×3 is the identity matrix.

Assuming V dc
off is zero and vn is the zero reference voltage, the MMC can

be fundamentally seen as two separate models: the AC side model and the
internal model (Fig. 2.2).
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is
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isum
c
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+
_

+
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+
_

2 2 2

(b) Internal model

Fig. 2.2: MMC diff and sum models

The voltage applied by the arms and the current flowing through them can
contain AC and DC terms. Note that this is indicated by the generic con-
trollable voltage sources in Fig. 2.2. Each of these components have different
roles in the power exchange between the converter and the AC or DC grids,
and within the converter’s legs and arms, as extensively discussed in [46]. A
comprehensive summary is presented next.
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2.2 MMC electrical circuit and steady-state model

DC analysis

First, the DC analysis is addressed. The derivative terms in (2.10) and (2.11)
are removed, and the Clarke transformation (see Appendix B, (B.1)) is ap-
plied to each vector for convenience. On one hand, (2.12) is obtained. Note
that the term U has been removed from the equation, assuming that the AC
grid does not have any DC component (uabc in Fig. 2.2a). It can be seen

that Iαβdc
s could flow to the AC side. Therefore, these components should be

controlled to zero through V αβdc
diff , in order to avoid transformer saturation.

Second, I0dc
s is not present in the system due to the three-wire connection.

V αβdc
diff = RIαβdc

s (2.12)

On the other hand, (2.13) is obtained. In order to see what is the role of
these components, the following must be noted:

� The additive component (vjsum) of both upper and lower arms voltages
(vju, vjl ) is the same (see (2.3)).

� It is required that there is no DC current flowing towards the AC side.

Iαβ0dc
sum = − 1

2Ra

(
V αβ0dc

sum − V dc
t [0 0 1]T

)
(2.13)

Based on these two points, it is not possible to exchange power between
the upper and lower arms within the same leg using these DC current com-
ponents. This can be clearly seen by the fact that, within the same leg, the
DC power flowing through the upper and the lower arms is the same (DC
current and DC voltage are identical in each of the two arms). However, the

DC power that flows through each leg can be different. Indeed, Iαβdc
sum can be

used to exchange power between legs through the control of V αβdc
sum , whereas

I0dc
sum exchanges DC power with the DC grid through V 0dc

sum.

AC analysis

To address the AC analysis, (2.10) and (2.11) are expressed in phasor domain.
Also, Fortescue transformation (see Appendix B, (B.5)) is applied to each
phasor vector for convenience. Note that Z = R + jωL. On one hand,
(2.14) is obtained. The AC current components I+−

s (positive and negative
sequence) exchange power with the AC grid through the control of V +−

diff , as
can be clearly seen in the circuit from Fig. 2.2a. The zero-sequence component
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Chapter 2 System modelling and control

I0
s does not exist due to the three-wire connection.

I+−
s =

1

Z

(
V +−

diff − U
+−) (2.14)

On the other hand, (2.15) is obtained. The positive and negative sequence
components I+−

sum are responsible for the exchange of power between the upper
and lower arms through the control of the V +−

sum voltages.

I+−0
sum = − 1

2Za
V +−0

sum (2.15)

However, this phenomena is not as obvious as in the DC analysis, and some
further reasoning is needed. As the impedances of both the AC side and the
arms are relatively small, the voltages applied by the arms can be considered
to be equal to the AC grid voltage. Under normal AC grid voltage conditions,
the negative voltage component is zero. Thus, the AC grid voltage can be
approximated as

vabcl ≈ −vabcu ≈
√

2

 U+ cos (ωt)
U+ cos (ωt− 2π

3 )
U+ cos (ωt+ 2π

3 )

 (2.16)

Independently from assuming that the AC network does not have a negative
sequence voltage component, the MMC’s additive AC currents may have both
positive and negative sequence components. This current is expressed as

iabcsum =
√

2

 I+
sum cos (ωt+ φ) + I−sum cos (ωt+ α)

I+
sum cos (ωt+ φ− 2π

3 ) + I−sum cos (ωt+ α+ 2π
3 )

I+
sum cos (ωt+ φ+ 2π

3 ) + I−sum cos (ωt+ α− 2π
3 )

 (2.17)

Multiplying the voltage and the current, while eliminating the double fre-
quency oscillatory terms, leads to the lower-to-upper arm power of each phase

P abcu→l =

 U+I+
sum cosφ+ U+I−sum cosα

U+I+
sum cosφ+ U+I−sum cos (α+ 4π

3 )
U+I+

sum cosφ+ U+I−sum cos (α− 4π
3 )

 (2.18)

With (2.18), it is shown that I+−
sum components can be used to exchange

power between upper and lower arms. Finally, in order to avoid AC compo-
nents flowing into the DC grid, I0

sum must be controlled to zero.
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2.3 MMC control

Based on the DC and AC analysis, the role of each current component
described before is summarised in Table 2.1.

Table 2.1: Converter current components and their uses

Comp. Freq. Comp. Use

is

AC
+,-

Current from the AC grid (Fortescue
components).

0 Equal to 0 due to three-wire connection.

DC
α,β

Controlled to zero to prevent DC current
flowing through the AC grid (Clarke
coordinates).

0 Equal to 0 due to three-wire connection.

isum

AC
+,-

Internal power exchange between upper
and lower arms (Fortescue components).

0
Controlled to zero to avoid AC distortion
in the DC grid.

DC
α,β

Internal power exchange between the legs
of the converter (Clarke coordinates).

0 Power flowing onto the DC grid.

2.3 MMC control

Different control approaches for MMCs have been proposed in the literature
over the last years [47]. Although several implementations can be found,
they can be essentially classified in two main groups depending on how the
modulation indexes are calculated.

On one hand, in the Uncompensated Modulation (UCM) [48], the mod-
ulation indexes are calculated using the DC voltage (2.19) instead of the
arms’ voltages. In other words, UCM does not include any compensation
for the impact of the oscillations in the equivalent arm capacitance voltages
on the modulated output voltages. This implies that the internal energy is
self-balanced, and it is not necessary to explicitly control it.

mj
u =

vju

V dc
t

, mj
l =

vjl
V dc
t

, j = a, b, c (2.19)

The so-called direct modulation [49] and open-loop modulation [50] can
be included in this group. The UCM approach inherently yields an asymp-
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Chapter 2 System modelling and control

totically stable system [42]. However, the internal dynamics depend on the
converter impedances rather than being imposed by a controller. This may
lead to slow time constants and undesirable overshoots, specially in faulty
scenarios [46]. Furthermore, they also inherently produce circulating cur-
rents, although they are typically eliminated including a Circulating Current
Suppressing Control (CCSC) [51]. In [52], a UCM approach is used, taking
the DC voltage measurement for the modulation indexes calculation, whe-
reas in [53, 54] the DC voltage reference is used instead. Although it is not
necessary to explicitly control the internal energy, an additional total en-
ergy controller was included in [55], thus improving the performance and the
stability of the system. Therefore, although UCM is typically used under a
non-energy-based control approach (i.e. without energy regulators) it could
also include energy controllers.

On the other hand, in the Compensated Modulation (CM) [56] the modula-
tion indexes are calculated using the actual arm voltage measurement (2.20).
In other words, CM includes an online compensation for the impact of the
arm oscillations. In this case, the internal energy of the MMC has to be
explicitly controlled in order to ensure an asymptotically stable system [47].
With an adequate control tuning, this approach exhibits a superior perfor-
mance [46] as compared to UCM-based schemes. In the present thesis, the
energy-based control is always applied under a CM approach.

mj
u =

vju

vjCu
, mj

l =
vjl
vjCl

, j = a, b, c (2.20)

In the present work, the control architecture from [46] is adopted. An
overall picture can be seen in Fig. 2.3, and the different parts of the block
diagram are further detailed below for completeness.

AC grid current control

The AC side current control is equivalent to the one used for 2L-VSCs. Al-
though several implementations exist, in the present work a classic current
vector control in qd0 coordinates is used [57] (Fig. 2.4). A feed-forward of the
PCC voltage is included, as well as well as the classic decoupling loops. Note
that a dynamic saturation of the current references is also included, which
keeps the angle between the qd components constant and reduces proportion-
ally each component until the maximum allowed value, which is typically 1
p.u. of current or slightly higher.
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Fig. 2.4: AC grid current control

Regarding the AC side, it is important to distinguish between grid-following
and grid-forming controls. On one hand, in grid-following mode the converter
synchronises to an existing AC grid. To this end, a Phase-Locked Loop
(PLL) [58] (Fig. 2.5a) is typically used, which yields the AC grid angle to be
used by the AC side controllers, in order to apply the corresponding voltages
according to the desired control objective. On the other hand, in grid-forming
mode the converter generates the AC grid. Thus, the angle reference is
internally generated by the converter, and it is no longer measured from
any existing AC grid. In such a case, many control alternatives exist, as
will be further explained in Chapter 6. One of the most typical ones is the
frequency-droop scheme (Fig. 2.5b), where the frequency is calculated based
on the active power exchange. Usually, a low-pass filter (LPF) is included
in the power measurement. This strategy is useful when multiple units are
operating in grid-forming, as it allows for active power sharing.
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Fig. 2.5: Reference angle calculation in grid-following and grid-forming cases

32



2.3 MMC control

Additive current control

The additive current control deals with both AC and DC components at the
same time. In the present thesis, based on the approach from [46], both
components are separated, and a lead-lag compensator is applied to the AC
current references so that it has a unity gain and no phase delay at the nomi-
nal frequency (Fig. 2.6). Then, thanks to the compensator, these AC current
references are transformed into constant magnitudes that can be added up
with the DC current references. After, three PI controllers can be used to
control the three components of the additive current.

+
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-
isum
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Vt
dc

PI isum
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-
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0ac*

isum
βac*
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Fpf

Fpf

isum
α

vsum
αβ0

-1

Fig. 2.6: Additive current control

Additive current reference calculation

The most complex part of this MMC control architecture comes with the
reference calculation of the additive current components. Regarding the DC
components, which are used to either exchange power between legs (αβ com-
ponents) or with the DC grid (0 component), the following definitions and ap-
proximation (that assumes a negligible voltage drop in each arm impedance)
are used:

Pa→b , Pa − Pb, Pa→c , Pa − Pc, Pt ,
∑

j=a,b,c

Pj , Pj ' V dc
t ijdc

sum

(2.21)
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Therefore, the DC additive current references in Clarke’s coordinates are
derived as [

iαdc∗
sum

iβdc∗
sum

]
=

1

3 V dc
t

[
1 1√
3 −

√
3

] [
P ∗a→b
P ∗a→c

]
(2.22)

i0dc∗

sum =
1

3V dc
t

P ∗t (2.23)

The αβ components exchange power between legs, whereas the zero-sequence
component corresponds to the DC current flowing to the DC side. With re-
spect to the derivation of the AC components, it is a more complex procedure.
A block diagram of the overall additive current references (DC and AC) is
presented in Fig. 2.7, and further details can be found in [46]. Note that this
controller is valid for the basic case of a balanced AC grid. A more recent
version considering AC grid imbalances can be found in [59], with extra capa-
bilities. Also note that Clarke transformation is used for convenience (B.1),
and the counter-clockwise rotation (2.24) and the clockwise rotation (2.25)
matrices are introduced:

R	 =

cos Θ − sin Θ 0
sin Θ cos Θ 0

0 0 1

 (2.24)

R� =

 cos Θ sin Θ 0
− sin Θ cos Θ 0

0 0 1

 (2.25)

Energy balancing control and arm energy calculation

The balancing power references are given by the five energy balancing PI
controllers, as depicted in Fig. 2.8. Note that in normal operation the five
energy balancing references are set to zero. Note that a notch filter tuned at
twice the nominal frequency is used to filter out the oscillating component
that appears in the energy difference between legs. Equivalently, a notch filter
tuned at the nominal frequency filters out the oscillating component that
appears in the energy difference between arms [46]. The energy difference
signals can be obtained as shown in Fig. 2.9, calculating the total stored
energy of each arm, and adding or subtracting the energy values as necessary.
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Fig. 2.7: Additive current reference calculation

Arms voltage calculation and modulation indexes

Once the differential and additive voltages are calculated by the respective
inner controllers (Figs. 2.4 and 2.6, respectively) they need to be converted
back to the abc and upper-lower reference frame in order to be modulated
by the six MMC arms. The variable change from (2.3) is recalled, and the
detailed calculations are presented in Fig. 2.10. Note that the modulation
indexes are saturated, as the converter arms are not capable of modulating
a voltage that exceeds the available voltage in the submodules altogether. In
the present thesis, half-bridge submodules are considered, meaning that the
saturation of the modulation indexes is from 0 to 1, as polarity change (-1) is
not possible within the arm. However, the overall control scheme presented
in this chapter is not only limited to MMCs with half-bridge submodules, but
it is also applicable to MMCs with full-bridge submodules with a convenient
saturation of the modulation indexes.
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Chapter 2 System modelling and control

2.4 MMC linear model

In order to be able to conduct linear analysis, the non-linear equations of the
system must be linearised. This section presents the linearised equations of
different parts of the system that will be used in the different case studies
throughout the thesis.

2.4.1 MMC internal dynamics

In order to obtain a linear model that enables small-signal analysis, a steady-
state time-invariant (SSTI) model of the system is necessary, i.e. a model
where all the variables settle to a constant value (i.e. non-oscillatory) in
steady-state. Capturing the overall MMC dynamics without simplifications
in an SSTI model is a challenging problem by itself [60]. The main ob-
stacle is that the circulating currents contain DC and several AC compo-
nents at the same time. An extensive mathematical manipulation using a
set of Synchronous Rotating Frames (SRF) at different frequencies can be
performed [61]. However, this comes at the expense of having a large and
complex model.

Nevertheless, the system can be re-formulated to enable the derivation of
an SSTI model that uses energies as state variables instead of voltages (2.6).
This approach is suitable if an energy-based control approach is used [62],
i.e. if the energy stored in the arms is explicitly controlled. This formulation
typically only considers the total energy and the circulating current zero-
sequence component [56] and was recently generalised to include the arm
balancing dynamics [62]. It is shown that the simplified model from [56]
is suitable from a macroscopic point of view, and effectively captures the
AC and DC dynamics, assuming that the internal vertical and horizontal
energy balancing controls are properly tuned. The tuning of the MMC’s
internal energy balancing controllers is typically only relevant in scenarios
with unbalanced AC voltage sags or DC pole imbalances [63]. As this thesis
does not deal with such scenarios, the simplified linear model from [56] can
be used. To this end, (2.6) is reformulated into

dWt

dt
= −3

2
vqddiffi

qd
s + 3i0dc

sumv
0dc
sum (2.26)
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2.4 MMC linear model

Then, assuming V dc
off and vn to be 0, which is true in normal conditions,

expressing (2.10) in Park’s (qd2) coordinates (2.27)-(2.28), and considering
only the zero-sequence component of (2.11), as shown in (2.29), leads to an
SSTI system.

vqdiff − u
q − Lω0i

d
s = Riqs + L

diqs
dt

(2.27)

vddiff − ud + Lω0i
q
s = Rids + L

dids
dt

(2.28)

v0dc
sum − V dc

t = −2Rai
0dc
sum − 2La

di0dc
sum

dt
(2.29)

By linearising (2.26)-(2.29), equations (2.30)-(2.33) are obtained. Here-
inafter, subindex 0 refers to the operating point for the linearisation. Note
that in case the frequency is constant, the state ∆ω is removed from the
equations.

∆Ẇt =− 3

2
(∆vqdiffi

q
s0 + ∆vddiffi

d
s0 + ∆iqsv

q
diff0

+ ∆idsv
d
diff0)

+ 3(∆i0dc
sumv

0dc
sum0 + ∆v0dc

sumi
0dc
sum0) (2.30)

∆i̇qs = −R
L

∆iqs − ids0∆ω − ω0∆ids +
1

L
∆vqdiff −

1

L
∆uq (2.31)

∆i̇ds = −R
L

∆ids + iqs0∆ω − ω0∆iqs +
1

L
∆vddiff −

1

L
∆ud (2.32)

∆ ˙i0dc
sum = −Ra

La
∆i0dc

sum −
1

2La
∆v0dc

sum +
1

2La
V dc
t (2.33)

2.4.2 Multiple qd reference frames

In a linear system, when multiple qd frames are present in the same AC
subsystem, a common (global) qd reference frame has to be established. The
other qd frames present in the system (auxiliary) will be referred to the global
one through the corresponding transformations, as detailed next. This has
been a well-known issue in classic multi-machine power systems small-signal
studies [65]. This work does not cover multi-machine systems, but the same
idea applies to the following cases:

� Case 1: A grid-following converter synchronised to the AC grid through
a PLL.

2Note that qd electrical machinery notation from [64] will be used in this thesis, being
the q component related to active current and the d component related to reactive current.
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Chapter 2 System modelling and control

� Case 2: A grid-following converter synchronised to a grid-forming con-
verter through a PLL.

� Case 3: Multiple grid-forming converters sharing the generation of the
AC grid.

The linearised transformations that are used to transform variables from
one frame to another [66] are established as follows.

∆xqdc = Tqd
c (∆xqd,∆eθ)

T (2.34)

is used to obtain the feedback variables iqdcs and uqdc, whereas the inverse
transformation

∆xqd = Tqd
c
−1

(∆xqdc,∆eθ)
T (2.35)

is used to obtain the modulated voltage vqddiff. Matrices Tqd
c and Tqd

c
−1

are
defined as

Tqd
c =

[
cos (eθ0) − sin (eθ0) − sin (eθ0)xq0 − cos (eθ0)xd0
sin (eθ0) cos (eθ0) cos (eθ0)xq0 − sin (eθ0)xd0

]
(2.36)

Tqd
c
−1

=

[
cos (eθ0) sin (eθ0) − sin (eθ0)xq0 + cos (eθ0)xd0
− sin (eθ0) cos (eθ0) − cos (eθ0)xq0 − sin (eθ0)xd0

]
(2.37)

As be seen in (2.36)-(2.37), these matrices correspond to a linearised counter-
clockwise and clockwise rotations, respectively, that take into account the
initial angle between both reference frames. It is important to remark that:

� The angle error ∆eθ is calculated as the integral of the frequency given
by one subsystem (e.g. the PLL in cases 1 and 2, and a grid-forming
converter in case 3) minus the frequency of the reference subsystem
(e.g. the AC grid angle in cases 1 and 2, and the reference grid-forming
converter in case 3) (2.38).

� The magnitudes at the operating point (xqd0 , xqdc0 ) are expressed in the
reference frame before applying the transformation, i.e. the global one
in case of (2.36) and the corresponding auxiliary one in case of (2.37).

∆eθ0 =
ωi − ω0

s
(2.38)
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2.5 HVDC cable linear model

2.4.3 Active and reactive powers

Active and reactive power signals, which are necessary for some of the control
loops, are linearised as

∆Pac =
3

2
(∆uqiqs0 + ∆udids0 + ∆iqsu

q
0 + ∆idsu

d
0) (2.39)

∆Qac =
3

2
(−∆uqiqs0 + ∆udids0 + ∆iqsu

q
0 −∆idsu

d
0) (2.40)

2.5 HVDC cable linear model

In the simulation of HVDC systems, the so-called Wideband Model or Uni-
versal Line Model (ULM) [67] is the most commonly accepted model for EMT
simulations, which accounts for the cable parameters frequency dependence.
This behaviour depends on the physical and geometric characteristics of the
cable. In the present work, the 320 kV XLPE insulated cable from [68] is
used as the reference. Furthermore, as the simulations are carried out using
Matlab Simulink, the ULM model from the Simulink toolbox developed in
the BestPaths project [69] has been used.

The formulation of the ULM cable model equations does not allow for
the derivation of an equivalent state-space linear model. This is an issue
from the point of view of analysing power systems that involve HVDC, as
it might lead to mistaken conclusions in terms of stability and interactions
when small-signal analysis is performed.

In many studies over the last decades, the well-known π-section model has
been used to represent HVDC cables, usually with several cascaded sections.
However, this model is inefficient to represent the real behaviour of the cable,
leading to unrealistic resonances [70]. An improvement of the π-section was
proposed in [71], taking into account the coupling between the core and the
screen of the cable, but still failing to represent its frequency-dependent cha-
racteristic. Consequently, a frequency-dependent model was presented in [70],
motivated by the necessity of accurately represent HVDC systems through a
linear model in order to conduct reliable small-signal analysis. This model
consists of an extension of the π-section using several parallel branches with
different constant parameters. The number of branches, and also the number
of sections, determines the accuracy of the model.

This model is shown in Fig. 2.11 (v+ refers to the positive monopole,
corresponding to 1

2V
dc
t in normal conditions). Taking n as the number of
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sections, 1 + 4n differential equations are obtained (2.41). Note that (2.41d)
is only necessary when n ≥ 2. A detailed analysis of this cable model using
different branches and sections is presented in Chapter 4. In the rest of the
chapters, the HVDC cable that has been used in the case studies consists
of 1 section and 3 branches, similar to [71, 72]. For the studies carried out
in this thesis, no major differences were observed between this model and a
model with several sections in series. Therefore, 1 single section was used, as
it reduces the size of the linear model.

C

R1 
1,2,1 

L1 

Rn Ln 

G
22

v1

CG
22

+

CG

i

1,2,n i

i1 i2

v2
+

v1,2
+

Fig. 2.11: Cable model with parallel series branches

dv1

dt
=

4

C

(
i1 −

3∑
k=1

i1,2,k −
G

4
v1

)
(2.41a)

dii,i+1,k

dt
=

1

2Lk
v1 −

1

2Lk
vi,i+1 −

Rk
Lk
ii,i+1,k,

i = 1, ..., n, k = 1, 2, 3 (2.41b)

dv2

dt
=

4

C

( 3∑
k=1

in,n+1,k − i2 −
G

4
v2

)
(2.41c)

dvi,i+1

dt
=

2

C

( 3∑
k=1

ii,i+1,k −
3∑

k=1

ii+1,i+2,k −
G

2
vi,i+1

)
,

i = 1, ..., n, n ≥ 2 (2.41d)

being

i1, i2: input and output currents of the cable.
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2.6 AC grid dynamics

v1, v2: total voltages at each cable terminal.
vi,i+1: total voltage after section i, i+ 1.
ii,i+1,k: current flowing through section i, i+ 1, branch k.
Rk, Lk: equivalent pole resistance/inductance of branch k.
C, G: equivalent pole capacitance/admittance.

2.6 AC grid dynamics

Regarding the AC grid, three main different elements have been used in the
case studies, as described next. Note that despite these models are linear,
the equations are written in small-signal form (∆) due to the linearisation
with respect to the frequency in the qd frame.

� A voltage-sourced AC grid is represented using a Thévenin equivalent
(Fig. 2.12a) (2.42)-(2.43). A grid-following MMC would be typically
synchronised to such a grid (see, for instance, Chapters 3 and 5). This
model represents, for instance, a large AC network containing classic
generation. In all the cases presented in this work, the AC grid is stable
and relatively strong. Therefore, it is not within the scope of this thesis
to deal neither with weak or disturbed AC grids, nor complex AC grid
models.

∆i̇qs = −Rg
Lg

∆iqs − ids0∆ω − ω0∆ids +
1

Lg
∆uq − 1

Lg
∆vqg (2.42)

∆i̇ds = −Rg
Lg

∆ids + iqs0∆ω − ω0∆iqs +
1

Lg
∆ud − 1

Lg
∆vdg (2.43)

� AC lines are represented using π-section equivalents (Fig. 2.12b). In all
the scenarios covered in this work, a single section is used (2.44)-(2.49).
AC lines are used, for instance, in Chapters 6 and 7.

∆u̇q = − 2

Cc
∆iqs − ud0∆ω − ω0∆ud − 2

Cc
∆iqc (2.44)

∆u̇d = − 2

Cc
∆ids + uq0∆ω − ω0∆uq − 2

Cc
∆idc (2.45)

∆i̇qc = −Rc
Lc

∆iqc − i
q
c0∆ω − ω0∆idc +

1

Lc
∆uq − 1

Lc
∆uqg (2.46)

∆i̇dc = −Rc
Lc

∆idc + idc0∆ω − ω0∆iqc +
1

Lc
∆ud − 1

Lc
∆udg (2.47)
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∆u̇qg = − 2

Cc
∆iqc − udg0∆ω − ω0∆udg −

2

Cc
∆iqg (2.48)

∆u̇dg = − 2

Cc
∆idc + uqg0∆ω − ω0∆uqg −

2

Cc
∆idg (2.49)

� A current-sourced AC grid is represented using current sources in par-
allel with capacitors (Fig. 2.12c) (2.50)-(2.51). This could be the case,
for instance, of a power electronics interfaced system that injects or
absorbs power (e.g. a wind farm or an islanded system). Note that the
capacitors correspond either to the equivalent capacitance of an AC
line, or to a physical filter. This AC node is used as a constant power
node, as will be shown in Chapters 6 and 7. In the present work, the
capacitance is always half the one corresponding to the AC line (i.e.
Cac = Cc/2). Therefore, in such a case equations (2.50)-(2.51) are the
same as (2.48)-(2.49).

∆u̇qg = − 1

Cac
∆iqc − udg0∆ω − ω0∆udg −

1

Cac
∆iqg (2.50)

∆u̇dg = − 1

Cac
∆idc + uqg0∆ω − ω0∆uqg −

1

Cac
∆idg (2.51)

2.7 Linear model validation

After introducing the different parts of the MMC that require linearisation,
a simple case is considered to evaluate the mismatch between the detailed
and the linearised models. An MMC in DC voltage control mode, connected
to an HVDC cable on the DC side and to a Thévenin equivalent in the
AC side, is considered (Fig. 2.13). The system is linearised at 0.5 p.u. of
DC current (flowing from the DC side to the MMC), and steps of 0.01,
0.05, 0.10 and 0.20 p.u. of current are performed. In Fig. 2.14, the errors
between the detailed and the linearised models for different magnitudes are
plotted. This is indicated with e(). The superscript c in iqds and uqd refers
to the converter (auxiliary reference). None of the MMC variables reach
saturation in any of the cases, in order to avoid mismatches related to these
non-linearities that are not represented in the linear model. Whereas for
0.01 p.u. of DC current increase the error is not noticeable, the mismatch
becomes much more relevant when the increase is higher than 0.05 p.u. of
current. As it was expected, the linear model is an accurate approximation of
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the benchmark reference model only when the deviation from the operating
point is sufficiently small.

MMC

AC network HVDC cable

Current
disturbance

Fig. 2.13: Test scenario used for the linear model validation

Fig. 2.14: Linear model validation of an MMC in DC voltage control mode –
Magnitude errors between the non-linear and the linear models
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2.8 Conclusion

2.8 Conclusion

In this chapter, the fundamentals about the control and the modelling of the
MMC and other parts of the system have been described in detail. These
models are crucial for the development of the different studies carried out in
this thesis. On one hand, they allow for running time-domain simulations
using the complete detailed (average) model with the overall control scheme.
On the other hand, small-signal analysis and control design can be addressed
using the linearised models. Also, the model of the HVDC cable has been
described, as it will be a key element in several case studies throughout the
thesis. Furthermore, the different models related to the AC side network
have been introduced. Along the next chapters, these different blocks are
conveniently put together to build the specific scenarios of the different case
studies.
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Chapter 3

Control structures of the MMC in DC
voltage control mode

This chapter is a revised and extended version of the following publication:

[J1] E. Sánchez-Sánchez, E. Prieto-Araujo, A. Junyent-Ferré and O. Gomis-Bellmunt, “Analysis

of MMC energy-based control structures for VSC-HVDC links”, IEEE Journal of Emerging and

Selected Topics in Power Electronics, vol. 6, no. 3, pp. 1065-1076, 2018.

3.1 Introduction

As mentioned in Chapter 2, the different control schemes of the MMC avail-
able in the literature can be classified as follows. On one hand, the ones based
on Uncompensated Modulation (UCM) [48], such as direct voltage modula-
tion [42] or open-loop modulation [50]. These are known to be asymptotically
stable but their transients depend on the converter impedances rather than
being imposed by a controller, which can lead to slow time constants or unde-
sirable overshoots. Furthermore, they cause disturbances that lead to circu-
lating currents. However, they are typically eliminated including the so-called
Circulating Current Suppressing Control (CCSC) [51]. On the other hand,
the control schemes based on Compensated Modulation (CM) [56] do not
exhibit parasitic voltage components, but arm-energy controllers are needed
to ensure an asymptotically stable system [47].

Linear models are useful for small-signal analysis (stability, eigenvalues,
participation factors) [48,72,73] and for control design assessment by means
of linear tools [71]. Several efforts have been made regarding the linear mod-
elling of the MMC, for both energy-controlled and non-energy-controlled ap-
proaches. A steady-state time-invariant (SSTI) model is required to enable
linearisation, as presented in Chapter 2. In the present work, an energy-
controlled scheme is considered, as it presents the advantage of controlling
the internal energy of the MMC, which improves the performance and the sta-
bility, avoiding poorly damped oscillation modes introduced by the CCSC in
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Chapter 3 Control structures of the MMC in DC voltage control mode

the non-energy-controlled approach [55]. However, there are some challenges
in this field that the existing literature has not tackled in detail. Usually,
only small step changes are performed in the simulated case studies, ignoring
the transient performance in more extreme scenarios. Moreover, the size of
the capacitor included in the DC terminals is usually representative of rel-
atively long cables, avoiding the case of short HVDC links. Some examples
are summarised next.

In [56], a small-signal model of an MMC with droop DC voltage control
and total energy control is derived. A relatively big capacitor is included in
the DC terminals, which may improve the DC dynamics and is not a proper
approach for the case of a short HVDC link. Also, no strict constraints
are considered for the transient performance. In [70], a comparison between
two-level and MMC approaches for an HVDC link is presented, showing a
significant difference regarding the DC capacitance. However, the length of
the cable is unknown and the performance is not the matter of study of the
mentioned paper. In [74], the output of the DC voltage controller is used as
a reference for the zero-sequence circulating current, whereas the output of
the total energy controller is used as a reference for the grid active current,
thus inverting the classic control structure and yielding a more consistent
transient performance. However, no insight is given for the case of smaller
capacitances and for higher transient requirements.

The objective of this chapter is to evaluate different control structures for
the outer loops of the master converter in an MMC-based HVDC link. Small-
signal analysis and frequency-domain tools are used in order to evaluate the
performance in the whole frequency range, complemented by the time-domain
simulations. The effect of the capacitance on the DC side is emphasised,
yielding worse results as its value decreases, which corresponds to shorter
links.

3.2 System description

The system under study consists of a point-to-point MMC-based HVDC link.
One of the converters acts as the master, which controls the DC voltage,
whereas the other converter acts a the slave, controlling the active power
(Fig. 3.1). Each converters is able to independently control the reactive
power exchanged with its respective AC network.
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AC network 1 HVDC cable AC network 2

Master Slave

Vdc

Pac

control

control

Fig. 3.1: HVDC point-to-point link with master-slave control

3.3 Control structures

3.3.1 Slave control

Before starting with the master MMC control structures, the control of a
slave MMC is presented (Fig. 3.2). This control structure is equivalent to
the one used in 2L-VSCs, including a total energy controller cascaded with
a zero-sequence circulating current controller. As mentioned in Chapter 1,
this control scheme does not present a significant control challenge as long
as the DC voltage is stable, which depends on the master converter. On
one hand, the active power loop is cascaded with the AC active current
control. Typically, the active power loop dynamic response requirements are
not stiff [75]. Therefore, there is enough time-scale separation between the
active power and the inner current loop, which is several times faster, making
the control design straightforward. On the other hand, the total energy
control can be tuned independently, and as the active power dynamics are
relatively slow, the energy control does not need to be very fast either. Note
that L is defined in (2.3).

3.3.2 Master classic control

A common control scheme for MMCs which is widely reported in the liter-
ature is inspired on the control structure used in 2L-VSCs: the outer DC
voltage loop yields the active current reference for the AC side inner current
loop, and because of that the immediately obvious solution to complete the
control scheme is to connect the outer total energy loop output to the inner
circulating current loop reference. This will be called classic control from
now on (Fig. 3.3). It has to be noted that a feed-forward of the measured AC
power is added at the energy controller output. Otherwise, the gain of the
energy controller has to be notably high to stabilise the system. Although
other alternatives exist, e.g. not including any feed-forward signal [56,76], or
using the power reference instead [55], the measured power will be considered
in the present case.
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This structure relies on the assumption that there is a relatively big ca-
pacitance on the DC side of the converter. Otherwise, undesired transient
deviations of the DC voltage are obtained when there is a change in the
DC power flowing through the link. Whereas in a non-energy-based control
strategy a capacitance equal to 6·CSM/Narm is seen by the DC side according
to [42], in the case of an energy-based approach the DC side does not see
such an equivalent capacitance. Then, if the classic control scheme is used,
some dynamics will depend strongly on the equivalent capacitance on the DC
terminals, e.g. the length of the line in the case of the HVDC link, or the over-
all capacitance in the case of more complex systems such as multi-terminal
HVDC grids.

3.3.3 Master cross control

In the MMC, the power balance between the AC and the DC sides is not
instantaneous as in the 2L-VSC case, as the MMC’s arms act as an energy
buffer. Therefore, it is intuitive to cascade the DC voltage loop with the
DC current loop (which corresponds to three times i0dc

sum) instead of the AC
side current loop (iqs). This leads to a different control structure, shown in
Fig. 3.4, and referred to as cross control from now on. Note that the control
of the energy balance between phases and between arms is independent from
the outer control structure used.
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3.3.4 Master weighted control

With all above, a new control structure can be considered, consisting of the
summation of both outer controllers outputs multiplied by weight factors
k1, k2, k3 and k4 (Fig. 3.5). This option arises as a combined structure,
containing both the classic and the cross approaches as particular cases and
a whole range of intermediate options. This structure will be referred to as
weighted control. Parameters Ki (i = 1, . . . , 4) from Fig. 3.5 are defined as
in (3.1), taking into account the corresponding unit conversion ratio, thus
preserving the same tuning for the DC voltage and energy controllers.
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UN
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Fig. 3.5: Detailed MMC master weighted control structure

3.3.5 Master constant DC voltage control

In case of short and very short lines, the problem of the aforementioned
approaches is that the capacitance at the DC terminals is very small, which
may cause large voltage deviations during transients. This will be thoroughly
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analysed in the next section. For this reason, a new control structure should
be explored. Such alternative consists of eliminating the DC voltage closed-
loop in the cross control option, making it open-loop with a constant reference
for v0dc

sum, which is the DC voltage set-point V dc
t
∗
. The control scheme is shown

in Fig. 3.6, and it will be referred to as constant DC voltage control. This
scheme would be also suitable for the back-to-back case, which is the most
extreme case of a very short line.
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Fig. 3.6: Detailed MMC master constant DC voltage control structure

3.4 Evaluation and analysis of the control structures

This section aims to present a comparison among the different control struc-
tures described before, in order to shed some light on how to improve the
dynamics of the MMC. As mentioned before, a point-to-point HVDC link
with a master-slave control approach is considered. On one hand, small-
signal analysis is performed, using a linearised model. Insights with respect
to stability, modes of the system and participation factors of critical modes
is presented, as well as frequency-domain analysis of the relevant transfer
functions of the system via Bode gain plots. On the other hand, the tran-
sient performance will be analysed through time-domain simulations using
the complete non-linear model of the system.
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Chapter 3 Control structures of the MMC in DC voltage control mode

3.4.1 Linear model

A block diagram of the whole linear system is depicted in Fig. 3.7. This
generic scheme is valid for all the control structures, except for the constant
DC voltage control, where some states are eliminated. The HVDC cable
consists of one section for simplicity, as the length of the cables under study
is relatively short, and the number of parallel branches is 3. The overall
system has 27 states (11 related to each MMC, and 5 related to the cable).
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Fig. 3.7: Linear model of the HVDC point-to-point link with a master-slave
control

3.4.2 Tuning criteria

In order to perform a fair comparison of the different control structures, a
tuning criteria for the DC voltage controller has to be established. On one
hand, the current loops (iqds and isum) are tuned to achieve a fast response,
according to the real modulation limits of the converter [77]. Such inner
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controllers are the physical limit of the converter control action or, in other
words, the maximum speed response of the converter. Here, the current
controllers have been designed to produce a first-order closed-loop response
with a time constant τcc = 1 ms using Internal Model Control [57] (3.2)-(3.3).

kp−is =
Leq

τcc
, ki−is =

Req

τcc
(3.2)

kp−isum =
2Larm

τsum
, ki−isum =

2Rarm

τsum
(3.3)

The PLL is tuned to track the grid angle within approximately 25 ms. The
controller parameters are calculated based on a desired second order response
with damping ratio ξ =0.707 and settling time tst =25 ms as

kp−pll =

√
6ξωn
UN

, ki−pll =

√
3ω2

n√
2UN

(3.4)

where ωn = 4/(tstξ). On the other hand, the energy controller has been
designed considering a disturbance rejection problem and using a loop shaping
strategy, specifying a maximum energy deviation of 15% and a settling time
of 150 ms, in a similar way than in [46].

The DC voltage controller (master converter) is designed considering the
cable equivalent capacitance seen by the converter as the plant (Cdc). More
specifically, half of the overall capacitance of the cable is considered to be
lumped at the terminal where the master converter is connected. Then, a
simplified closed-loop of the system is calculated (Fig. 3.8), considering a
PI controller. The PI constants are defined comparing the coefficients of
the denominator of (3.5) with a second-order characteristic polynomial (3.6),
specifying the settling time and the natural frequency as in (3.7). Note that
this is an approximation, as (3.5) has an additional zero as compared to
the standard second order system (3.6). Parameters ξ = 0.707 and ωn =
2π(1/15τcc) are chosen to have enough time-scale separation between the
current and the DC voltage controllers [57]. The AC power controller (slave
converter) is designed using robust control techniques, specifying a first order
response of approximately 100 ms [75].

Gcl(s) =
G(s)

1 +G(s)
=

(kp + ki
s )( 1

Cdcs
)

1 + (kp + ki
s )( 1

Cdcs
)

=

kp
Cdcs

+ ki
Cdc

s

s2 +
kp
Cdc

s+ ki
Cdc

(3.5)
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Fig. 3.8: Simplified closed-loop of the DC voltage controlled system

G2nd(s) =
ω2
n

s2 + 2ξωns+ ω2
n

(3.6)

kp = 2ξωnCdc , ki = ω2
nCdc (3.7)

3.4.3 Scenario configuration

Regarding the transient performance, the following scenarios are considered:

� Case 1: a fast AC power reference change from 0 % to 100 % in the
slave converter.

� Case 2: a fast AC power reference change from 100 % to 0 % in the
slave converter.

More severe scenarios could be considered, e.g. sudden disconnection of
the slave converter while transmitting full power. However, for the purpose
of this chapter, which consists of comparing the different control structures
presented, those kind of scenarios are not practical, as they might cause
relevant saturations in the converter, making the comparison cumbersome. In
case of unbalanced faults, other kind of control strategies should be employed
together with the ones in normal operation [59].

First of all, the effect of the operating point is analysed in order to iden-
tify the worst possible case (whole range of power) in terms of small-signal
stability. The operating point (AC power reference of the slave converter) is
changed from -1 p.u. to 1 p.u. of power. It can be seen in Fig. 3.9a that a
pair of complex poles move towards the imaginary axis when the power flow
increases, being 1 p.u. the operating point closest to instability (full power
flowing from the master to the slave converter, i.e. master converter operating
in rectifier mode). This is due to the fact that the system is non-minimum-
phase in rectifying mode, which has a negative impact in the stability and
performance of the system [78]. Therefore, that operating point will be the
one considered for the small-signal analysis.
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Fig. 3.9: Eigenvalues of the point-to-point link system – Effect of the operat-
ing point

The small-signal analysis is performed using the linearised model. Such a
model has the limitation of being reliable only at the vicinity of the operating
point, where the non-linear model is linearised. For that reason, the perfor-
mance will be verified through time-domain simulations using the complete
non-linear model. For the frequency-domain analysis, the following transfer
functions are of interest:

G1(s) =
∆V dc

t (s)

∆P2(s)

G3(s) =
∆iqs(s)

∆P2(s)

G2(s) =
∆Wt(s)

∆P2(s)

G4(s) =
∆i0dc

sum(s)

∆P2(s)

(3.8)

The specifications are defined fixing a limit in the maximum gain of such
transfer functions as

|Gi(0)| ≤
‖yi(0)‖2
‖ui(0)‖2

(3.9)

being ui(0) the input and yi(0) the corresponding output:

� ui(0) = PN , i = 1, . . . , 4

� y1(0) = 0.10 V dc
N (10% overvoltage)

� y2(0) = 0.10 W ∗t (10% energy overshoot)

� y3(0) = 1.20 (
√

2V dc
N /(
√

3UN )) (20% iqs overcurrent)
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� y4(0) = 1.20 (PN/(3V
dc
N )) (20% i0dc

sum overcurrent)

The different parameters are defined in Tables 3.1-3.2. With all above,
time-domain and frequency-domain analyses are performed. The transient
performance of the MMC with the classic, cross, weighted and constant DC
voltage control structures is compared for different cable lengths. All the con-
trollers constants remain unchanged except for the DC voltage, which is tuned
according to the cable length equivalent capacitance (3.7). In Chapter 5, two
tuning methods to calculate the outer controllers parameters according to
these specifications will be presented. The power reference changes are sum-
marised in Table 3.3. The energy-to-power ratio of the MMC is defined as

Hc = 6
1

2

CSM

Narm

V dc
N

2

PN
(3.10)

Table 3.1: MMC and AC grid parameters [46]

Parameter Symbol Value Units

Rated apparent power SN 526 MVA
Rated power factor cosϕ 0.95 (c) -
Rated active power PN 500 MW
AC side voltage UN 320 kV (rms ph-ph)
HVDC link voltage V dc

N 640 (±320) kV
AC short-circuit ratio SCR 10 -
Coupling impedance Rs + jLs 0.01+j 0.2 p.u.
Arm reactor impedance Ra + jLa 0.01+j 0.2 p.u.
Converter modules per arm Narm 400 1
Average module voltage VSM 1.6 kV
Sub-module capacitance CSM 8 mF
MMC energy-to-power ratio Hc 49.2 ms

Table 3.2: Cable parameters (single monopole) [60]

Symbol Value Units Symbol Value Units

r1 0.1265 Ω/km l1 0.2644 mH/km
r2 0.1504 Ω/km l2 7.2865 mH/km
r3 0.0178 Ω/km l3 3.6198 mH/km
c 0.1616 µF/km g 0.1015 µS/km
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Table 3.3: Power reference set-points for the slave converter

Time 0 s 1 s 1.4 s 1.8 s 2.2 s

Power reference 0 p.u. 1 p.u. 0 p.u. −1 p.u. 0 p.u.

3.4.4 Dynamic performance and small-signal analysis

Classic and cross control

Time-domain simulations of the classic and cross structure cases are shown in
Figs. 3.10 and 3.12. Note that only stable cases are shown. In the first place,
a relevant difference between the smoothness of the dynamics is noticeable.
It is worth noting that in the classic control structure dynamics are more
coupled than in the cross control structure: a change on the DC side will
directly affect iq∗s , changing the AC side power, in turn affecting i0dc*

sum . This
effect is more remarkable as the length of the line decreases.

In the case of the cross control structure, the dynamics of the DC side are
clearly decoupled from the AC side. In other words, the energy loop will im-
pose its slow dynamics on the AC side, regardless of the power behaviour on
the DC side. Furthermore, the DC magnitudes are smoother in the cross con-
trol case. In conclusion, better performance is obtained in general, specially
for shorter links. Nevertheless, the energy deviation appears to be larger than
in the classic structure. The fact that the AC current steady-state is above
1 p.u. is due to the losses of the system between the AC side terminals 1 and
2, as the slave is injecting 1 p.u. of power to AC grid 2.

Eigenvalue comparison from 100 km to 2 km is shown in Figs. 3.11 and
3.13. The oscillation modes and their damping ratios are different for each
alternative. This can be seen qualitatively with the imaginary part of the
poles (which corresponds directly to the oscillation frequency of that partic-
ular mode, in rad/s) and with the angle formed by the vertical axis and a
segment between a pole and the origin (the smaller the angle, the smaller
the damping). A non-linear scale for the line length values has been used in
order to properly show the trajectory of the poles of the short line cases.

Note that a complex unstable mode appears when the length of the line is
decreased below a certain value. In particular, with the control parameters
used, for the classic structure (Fig. 3.11) this value is approximately 25 km,
whereas for the cross structure (Fig. 3.13) it is approximately 10 km.

Participation factors of such mode (namely λ1,2) are shown in Figs. 3.14
and 3.15. The following notation is used: γ indicates the integral state of iqs,
ξ is the integral state of i0dc

sum, σv corresponds to the integral state of the error
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Fig. 3.10: Time-domain simulation of the point-to-point link – MMC 1 (clas-
sic control)

Fig. 3.11: Eigenvalues of the point-to-point link system – Effect of the length
of the link (classic control)
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Fig. 3.12: Time-domain simulation of the point-to-point link – MMC 1 (cross
control)

Fig. 3.13: Eigenvalues of the point-to-point link system – Effect of the length
of the link (cross control)
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of V dc
t and κw refers to the integral state of the error of Wt. Subindexes 1

and 2 refer to the master converter (MMC 1) or the slave converter (MMC
2), respectively.

Regarding the classic control case, the strongest contributions come from
the master converter MMC 1 (iqs1, i0dc

sum1, Wt1 and σv1). Secondly, the cable
(V dc
t1,2) also has a remarkable participation. Finally, the slave converter MMC

2 also has some impact, to a lesser extent (Wt2). This means that the tuning
of the DC voltage controller and the tuning of both energy controllers (MMC
1 more than MMC 2) would have a remarkable effect on λ1,2.

Fig. 3.14: Participation factors of the unstable mode λ1,2 – MMC 1 with
classic control, line length of 25 km

With respect to the cross control, the highest participation is observed
in the DC voltage control of the master (σv1) and the energy of the slave
(Wt2, κw2), whereas the DC currents (i0dc

sum1,2) and the cable voltages (V dc
t1,2)

participate to a much lesser extent. Due to the decoupling between the AC
and the DC sides of MMC 1, the AC side is not participating at all in the
unstable mode λ1,2. Overall, as compared to the classic control case, MMC 1
participates slightly less, whereas MMC 2 importance is increased by around
5 times. This can be explained by the fact that in the slave converter control
structure, Wt2 is directly related to the DC side.

Weighted control

The weighted control alternative offers a new range of possibilities, as it
results in a combination of the classic and cross approaches. First of all, the
transient response is evaluated for a parametric sweep between the classic
(k1 = 1, k2 = 0, k3 = 0 and k4 = 1) and the cross (k1 = 0, k2 = 1, k3 = 1
and k4 = 0) options, for a 50 km line (Fig. 3.16).

For this generic structure, intermediate results between both options are
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Fig. 3.15: Participation factors of the unstable mode λ1,2 – MMC 1 with cross
control, line length of 10 km

Fig. 3.16: Time-domain simulation of the point-to-point link – Effect of the
weighted control parameters, line length of 50 km
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obtained. Weight factors have been changed proportionally between 0 and 1,
or vice versa (Tab. 3.4). It is shown that the cross structure has a smoother
response in all magnitudes during the transient, except for the energy de-
viation, which is the highest. Also, a higher overshoot is observed in iqs for
the combinations close to the cross control option. Then, an intermediate
solution can be adopted in order to achieve acceptable performance in all
magnitudes and thus a better overall performance.

Table 3.4: Weights evaluation for the weighted control structure

Parameter Classic Int. 1 Int. 2 Int. 3 Int. 4 Cross

k1 1 0.8 0.6 0.4 0.2 0
k2 0 0.2 0.4 0.6 0.8 1
k3 0 0.2 0.4 0.6 0.8 1
k4 1 0.8 0.6 0.4 0.2 0

This alternative enables a whole range of combinations and would require a
thorough tuning in order to clearly see its specific advantages in a particular
case, as it has more degrees of freedom than the classic and cross structure
cases. Also, all weight factors can be either positive or negative. The purpose
of this initial result is to show that a compromise solution could be taken,
in order to affect the MMC magnitudes to a greater or a lesser extent. In
Chapter 5, this thorough tuning will be addressed.

The time-domain response and the eigenvalue representation are shown
in Figs. 3.17 and 3.18, respectively. Regarding the time-domain response,
a better performance is obtained as compared to classic and cross control
alternatives. This can be observed in the smaller overshoot of V dc

t and Wt,
and also in the smoother response in the currents. Actually, in the critical
case of 25 km cable length, this structure performs reasonably well, avoiding
saturation as in previous cases. In this case, the weight factors used are
k1 = k2 = k3 = k4 = 1, which means that classic and cross structures have
been directly combined, without any further scaling. The critical eigenvalue
λ1,2 becomes unstable at approximately 5 km, so the system is stable for a
smaller length as compared to previous control structures.
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Fig. 3.17: Time-domain simulation of the point-to-point link – MMC 1
(weighted control, k1 = k2 = k3 = k4 = 1)

Fig. 3.18: Eigenvalues of the point-to-point link system – Effect of the length
of the link (weighted control, k1 = k2 = k3 = k4 = 1)
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Participation factors are shown in Fig. 3.19. It is shown that they are
similar to cross structure ones, rather than the ones of the classic structure.
However, MMC 1 slightly gains importance, which is related to the classic
structure contribution.

Fig. 3.19: Participation factors of the unstable mode λ1,2 – MMC 1 with
weighted control, line length of 5 km

Constant DC voltage control

If the HVDC link length is further decreased, the aforementioned structures
start presenting more overshoot and saturation issues. Despite the fact that
increasing the gain of the DC voltage controller might result in an overshoot
reduction, it is not a feasible solution for very short cables, as this would
lead to an unstable system due to inherent issues of cascaded closed-loop
control. Therefore, a different solution is needed for such cases and for the
back-to-back connection case (i.e. link length equal to 0). As presented in the
previous section, the constant DC voltage control is proposed as a solution.
In Fig. 3.20, the time-domain response under this control structure is shown.
The most remarkable aspect is that the DC voltage error is remarkably small
for the whole range of line lengths, compared to the previous cases. The
reason is that the converter is generating a constant DC voltage without any
closed-loop control behind it. The main concern, however, is that the DC
current is not controlled, and therefore cannot be limited (saturations) as
in the previous cases. Also, some oscillations appear, not only for the short
line cases but also for the long line ones, between approximately 100 Hz and
400 Hz, which can be observed in the DC voltage (see zoomed-in-view in
Fig. 3.20). Also, note that the energy response is very similar to the cross
option (Fig. 3.12), as the two alternatives effectively decouple the AC and DC
sides, and this part of the control structure is the same in both alternatives.
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Fig. 3.20: Time-domain simulation of the point-to-point link – MMC 1 (con-
stant DC voltage control
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Regarding the eigenvalues (Fig. 3.21), it is worth noting that the system
is still stable for very short lines, as the critical eigenvalue asymptotically
approaches x = −10 (zoomed-in-view in Fig. 3.21). However, the shorter the
line the higher the frequency and the lower the damping of that mode.

Fig. 3.21: Eigenvalues of the point-to-point link system – Effect of the length
of the link (constant DC voltage control)

Taking a look at the participation factors (Fig. 3.22), the only contribution
to the critical mode λ1,2 comes from the DC current of MMC 1 (i0dc

sum1) and
the cable (V dc

t1,2). However, as the DC current cannot be controlled under
this control structure, MMC 1 cannot influence this mode. Under these
circumstances, the characteristics of this mode (frequency, damping) only
change if the HVDC link length is changed (see Fig. 3.21).

Fig. 3.22: Participation factors of the unstable mode λ1,2 – MMC 1 with
constant DC voltage control, line length of 1 km
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Frequency domain analysis: wrap-up of all control structures

In order to complementarily analyse the system in the frequency-domain,
Bode plots of all cases are shown in Figs. 3.23-3.24. In these Bode plots, it
can be seen whether one particular length case of a specific control structure
exceeds or not the four transient requirements presented before (3.9), as a way
to qualitatively compare different alternatives, maintaining the same tuning
rules. Some peaks are noticed in the high frequency range (close to 104 Hz)
due to the cable. However, these peaks are not important as the attenuation
is very high at those frequencies.

Results are consistent with the corresponding time-domain simulations in
terms of transient requirements and resonance frequencies. It is remarkable
that in the classic alternative (Fig. 3.23a) there are peaks at different fre-
quencies, whereas in the cross alternative (Fig. 3.23b) the peaks are reduced.
This is shown also in the time-domain response (Figs. 3.10 and 3.12), which
is smoother when using the second structure. Regarding the weighted case,
it again proves that it is an intermediate option between the classic and
the cross alternatives. As mentioned before, the case shown corresponds to
k1 = k2 = k3 = k4 = 1. Again, a more thorough study should be conducted
here analysing different possibilities of the control system overall, which will
be done in Chapter 5. Finally, the constant DC voltage structure presents
the lowest error in the DC voltage. However, a steady-state error (left part
of Fig. 3.24b, G1(s)) is observed, even though it is very small. Also, resonant
peaks are more noticeable than in other alternatives.
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(a) Classic control structure

(b) Cross control structure

Fig. 3.23: Bode gain plots of the point-to-point link system Gi(s) (i =
1, . . . , 4) and gain limits – Classic control and cross control
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(a) Weighted control structure

(b) Constant DC voltage control structure

Fig. 3.24: Bode gain plots of the point-to-point link system Gi(s) (i =
1, . . . , 4) and gain limits – Weighted control and constant DC volt-
age control
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3.5 Conclusion

Different alternatives for the control of a point-to-point MMC-based HVDC
link using a master-slave approach have been evaluated. A complete lin-
ear model of the system that enables linear analysis has been derived, com-
plementing time-domain simulations with eigenvalue and frequency-domain
analysis. Results show that the classic 2L-VSC control structure extrapo-
lated to the MMC (i.e. using the DC voltage control output as a reference
for the AC active current, and therefore the total energy control output as
a reference for the DC current) does not perform well for medium and short
links, due to the high reduction of the capacitance in the DC bus, which
depends exclusively on the cable length. A cross structure (i.e. using the DC
voltage control output as a reference for the DC current, and the total energy
control output as a reference for the AC active current) has demonstrated
to improve the results, as the AC and the DC sides are highly decoupled.
Also, a generic weighted structure combining both options has been pre-
sented, which enhances a control system with more degrees of freedom that
could be helpful to adjust the final transient response through a thorough
tuning. This will be investigated in Chapter 5. However, for links of a few
kilometres and back-to-back applications, these alternatives may still lead to
an unacceptable transient performance, and even instability. A constant DC
voltage open-loop control has been evaluated as a possible solution, improv-
ing the DC voltage transient response and simplifying the control system.
However, its limitations are that the DC current is not controlled or cannot
be saturated, and that some undesired oscillations and a small steady-state
DC voltage error appear.
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Chapter 4

Experimental validation of a
laboratory-scaled MMC-HVDC link

This chapter is based on the work done in collaboration with Imperial College London during a
secondment of three months, and it is related to the following publication:

[C3] E. Sánchez-Sánchez, A. Junyent-Ferré, E. Prieto-Araujo, O. Gomis-Bellmunt and T. Green,
“Modelling and experimental validation of a laboratory-scaled HVDC cable emulator tested in
an MMC-based platform”, in 22nd European Conference on Power Electronics and Applications
(EPE’20 ECCE Europe), Lyon, France, Sept. 2020.

4.1 Introduction

It was seen in Chapter 3 that using the classic control scheme of 2-level VSCs
can lead to severe problems in the MMC case, due to the lack of capaci-
tors connected to the DC bus. This issue reveals that HVDC cables play
a relevant role in the performance and stability of the system, as they pro-
vide an equivalent capacitance at the MMC DC terminals. The so-called
Wideband Model or Universal Line Model (ULM) [67] is the most commonly
accepted model for EMT simulations, which accounts for the cable param-
eters frequency dependence. However, it is not clear what is the best way
to experimentally realise an HVDC cable in a low-voltage laboratory-scaled
platform. Typically, π-sections are used [79]. As the π-section model does
not represent the real cable accurately [70], other studies have proposed the
use of a scaled real cable with the same voltage drop and wave propagation
characteristics as the real high-voltage cable [80].

As discussed in [70], an approximate linear mathematical model with mul-
tiple parallel branches can be obtained using the cable data and vector fitting
techniques. This model uses time-invariant concentrated parameters and it
can be used for small-signal studies. An experimental realisation of a scaled
HVDC cable inspired on this idea is proposed in this chapter. Different pos-
sibilities are discussed considering the feasibility in terms of volume and cost
of such a cable emulator. Furthermore, a decoupled DC voltage control using
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the cross control structure is implemented in an MMC-based point-to-point
HVDC test bench of 15 kVA controlled by OPAL-RT units, which allows for
fast prototyping of the control system, as the OPAL-RT code is compiled
directly from the Simulink control blocks. The cable emulator is included
between both terminals, with the objective of testing and validating the sta-
bility of the system and its dynamic performance.

4.2 System description

As in Chapter 3, the system under study consists of a point-to-point MMC-
based HVDC link, with the focus on the master MMC (i.e. an MMC that
controls the DC voltage). Using an energy-based control approach, which is a
reliable control approach in terms of dynamic performance [46], the internal
energy of the converter and the energy of the DC side can be regulated
independently. The first one depends on the capacitance installed in the
submodules of the converter, which is linked to the rating of the converter.
The second one depends on the equivalent capacitance of the DC network,
which is proportional to the length of the HVDC lines (see Fig. 4.1). While
the internal MMC capacitance is relatively big, the DC side capacitance can
be very small in short and medium length point-to-point links. This can
compromise the controllability of the DC voltage in the HVDC system when
a DC voltage closed-loop control is used, as seen in Chapter 3.

AC network

Equivalent external capacitance:

independent from the MMC

 

HVDC 

network

Master

 

 Internal MMC capacitance:

relatively big

Fig. 4.1: Internal and external equivalent capacitances

Different control structures for a master MMC exist in the literature. In
this case, cross control has been used: DC voltage (V dc

t ) controls DC current
(idc), and total energy (Wt) controls AC current (is). This approach provides
decoupling between AC and DC sides, as the control sequence affect the
different variables in a cascaded way (see Fig. 4.2) and yields an appropriate
dynamic performance.
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MMC

WΔ t

iΔ s
q

VΔ t
dc

iΔ sum
0dc

iΔ 1
dc

Fig. 4.2: Conceptual control sequence of an MMC under cross control struc-
ture

4.3 Cable model

As mentioned in the Introduction, HVDC cables present frequency-dependent
behaviour in their equivalent cable parameters. In EMTP simulations, the
well-known ULM is typically used, as it takes into account this effect based
on the physical and geometric characteristics of the cable. The complexity of
this model makes analytical derivations for system-level studies impractical
in many cases. A concentrated-parameter linear model to enable small-signal
studies would be preferable in many situations. However, wrong fitting of
the approximate linear model could lead to wrong conclusions.

As mentioned in Chapter 2, the frequency-dependent model from [70] is
used, consisting of a different number of RL parallel branches, and several
cascaded sections (Fig. 2.11). The number of branches and sections defines
the accuracy of the model, and the method to calculate those parameters is
briefly described next.

4.3.1 Vector fitting fundamentals

The methodology used to obtain the parameters of the different branches
(Fig. 2.11) is based on the vector fitting algorithm presented in [81]. Basi-
cally, the method consists of iteratively relocate the poles of the system until
convergence is achieved, which is usually fast. This formulation uses simple
fractions, therefore avoiding ill-conditioning problems inherent to other ap-
proaches based on polynomials. Unstable poles are forced to be stable by
moving them to the left hand side of the Laplace plane. Vector fitting is
applicable to high order systems and wide frequency bands [81].

The general problem formulation is given as (4.1), where f(s) is the ad-
justed function, N is the order of the system, ri are the residues, ai are the
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poles, and d and h are real values.

f(s) =

N∑
i=1

ri
s− ai

+ d+ sh (4.1)

The vector fitting technique aims to match the frequency response of a real
system with the frequency response of f(s) (4.1), by adjusting the parameters
ri, ai, d and h iteratively as briefly described before. Then, the first step is to
obtain the transfer function of the cable model from Fig. 2.11. Assuming that
the shunt conductance and capacitance do not change substantially in the
frequency-domain [70], the system in Fig. 4.3 is considered. The equivalent
estimated admittance is derived as (4.2). Note that Ŷ (s) is equivalent to
(4.1) dropping d and h.

Ŷ (s) =
I(s)

V (s)
=

N∑
i=1

1

lz,is− (−rz,i)
(4.2)

rzn rz1 

n i1 iv(t)

lzn lz1 

i(t)

Fig. 4.3: Series parallel branches corresponding to one section of the cable
model from Fig. 2.11

The 320 kV XLPE insulated cable from [68], consisting of a core conductor,
a lead sheath and steel armor, is used as the reference. The vector fitting
algorithm iteratively adjusts the parameters from (4.2) in order to fit the fre-
quency response of the ULM cable. It has to be noted that the vector fitting
algorithm offers different configuration options, such as number of iterations,
initial poles, and frequency weights. In this case, initial real poles logarithmi-
cally distributed [81], 10 iterations, and the same initial value for the weights
have been set. The function vectfit3 returns the poles of Ŷ (s) and the
associated state-space representation, and then function ss2pr transforms it
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into a pole-residue model (both functions are available at [82]). Finally, the
branch resistances and inductances are derived as

lz,i =
1

Resz,i
; rz,i = −λz,ilz,i, (4.3)

where Res is the residue and λ the pole associated to branch i.

4.3.2 Cable emulator based on the parallel branches model

While prior work in the literature has discussed the trade-offs of replicating
the relevant dynamics of 2L-VSCs and MMCs in small-scale platforms, very
little has been published about replicating the complex dynamics of HVDC
cables in small-scale platforms for converter interaction studies. The ap-
proach presented here is inspired by the work on simplified cable simulation
described in the previous sections. The implementation is based on the phys-
ical realisation of the equivalent circuit models obtained by these methods.
The parameters of the branches are calculated using vector fitting using the
cable data from [68].

In order to validate the dynamics of the cable model, an open-circuit test
(Fig. 4.4) of the different models is performed. The effect of changing the
number of sections and the number of branches on the cable model accuracy
is shown in Figs. 4.5 and 4.6, as compared to the ULM model (from the
BestPaths project Simulink toolbox [69]) and the π-section model. Note that
the π-section model has been calculated based on the equivalent RL series
impedance of the cable. A step of 1 p.u. of voltage is applied at t = 0 s, and the
cable length is 250 km. The parameters of the π-section and parallel branches
models are shown in Table 4.1. Note that, in the 9-branches case, very large
parameters of L are obtained. The shunt parameters are c = 0.1616 µF/km
and g = 0.1015 µS/km in all cases, as the vector fitting only deals with the
RL parameters.

vin
+
-

vout

Symmetrical monopole

Fig. 4.4: Open-circuit test of the symmetrical monopole
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(a) 2 parallel branches

(b) 3 parallel branches

Fig. 4.5: Symmetrical monopole 2 and 3 branches models transient responses
(250 km) – Open-circuit test: voltage step of 1 p.u. in one side, open
circuit in the other side
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(a) 5 parallel branches

(b) 9 parallel branches

Fig. 4.6: Symmetrical monopole 5 and 11 branches models transient responses
(250 km) – Open-circuit test: voltage step of 1 p.u. in one side, open
circuit in the other side
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Table 4.1: Cable models RL parameters from vector fitting

Parameters π-sect. 3-bran. 5-bran. 9-bran. Units

R1 0.014 0.132 1.889 70.76 [Ω/km]
R2 - 0.242 0.135 4.348
R3 - 0.017 0.511 0.331
R4 - - 0.020 0.200
R5 - - 0.081 0.876
R6 - - - 0.097
R7 - - - 0.021
R8 - - - 0.332
R9 - - - 3.119

L1 0.188 0.263 0.689 3.014 [mH/km]
L2 - 6.509 0.321 1.026
L3 - 3.282 10.19 0.494
L4 - - 3.276 0.635
L5 - - 30.87 19.03
L6 - - - 9.646
L7 - - - 4.133
L8 - - - 199.8
L9 - - - 14050
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4.3 Cable model

A short-circuit test (Fig. 4.7) is performed to compute the frequency re-
sponses, as the symmetrical monopole is seen as an impedance. The frequency
response of the models with different number of branches and 10 sections per
pole is presented in Figs. 4.8-4.9, considering lengths of 250 km and 50 km.

Symmetrical monopole

i in vout Zeq

Fig. 4.7: Short-circuit test of the symmetrical monopole

Fig. 4.8: Symmetrical monopole impedance vs frequency (250 km) – Short-
circuit test on different models

Fig. 4.9: Symmetrical monopole impedance vs frequency (50 km) – Short-
circuit test on different models
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From Figs. 4.5-4.6 and Figs. 4.8-4.9 it can be noted that:

� A high number of sections makes the model replicate the travelling wave
effect and the main frequency components, but causes a high frequency
oscillation to appear.

� A high number of branches mitigates the high frequency oscillatory
terms inherent to the parallel branches model.

� The π-section exhibits a very undamped time-domain response, as well
as relatively high resonance impedance peaks, as compared to the other
models and to the ULM.

Therefore, ideally it is desirable to include as many sections and branches
as possible. However, this is obviously not feasible from an experimental
platform point of view, due to hardware volume and cost constraints. Then,
a compromise solution has to be established, as discussed in the next section.

4.4 Experimental platform

This section presents the details of a low-voltage experimental platform, spe-
cially emphasising on the cable emulator design which aims to emulate the
real high-voltage cable dynamics for small-signal stability studies. Testing
and validating HVDC systems in laboratory-scaled platforms as opposed to
using computer simulations has been a controversial topic of discussion among
the academic and the power industry communities over the last years. Scaled
platforms inevitably miss some details (e.g. lower efficiency than the real sys-
tem) [83]. Special attention has to be paid in identifying the limitations of
the model, in order for the conclusions drawn to be extrapolated back to the
real full-scale system.

The different systems used in the present study are summarised in Fig. 4.10.
Firstly, the original detailed simulation model of an HVDC system is scaled-
down. Secondly, a highly detailed simulation model of the experimental plat-
form is used as a previous validation step before carrying out the actual
experiments as the third and last step of the process. Simulations are carried
out with Matlab Simulink, and the ULM cable model from [69] is used in the
simulated real system, as mentioned before.

Bearing that in mind, the present study aims to maximise the validity of
the results using an accurate MMC low-voltage platform and an improved
cable emulator. The test bench (Fig. 4.11) consists of a master MMC that
controls the DC voltage, a DC source that emulates the slave MMC, and a
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Simulated real

high-voltage system

Simulated laboratory scaled 

low-voltage equivalent
Experimental

validation

Simulation

- MMC Average Arm Model

- Full detailed control

- Continuous time implementation

Simulation

- MMC full switched model

- Full detailed control

- Discrete time implementation

Experiment

- Real hardware

- OPAL-RT controller

System 1 System 2 System 3

Fig. 4.10: Overview of the different systems involved in the results validation

cable emulator between them. In order to have a balanced and harmonic-free
AC grid voltage, a programmable AC voltage source is used to emulate a
stiff AC system to which the MMC converter is connected. The OPAL-RT
unit controls the MMC prototype and takes all the necessary measurements,
whereas the CompactRIO controller is used for supervision purposes, as well
as for managing the switchgear that sets the configuration (i.e. length) of the
cable.

+

Cable
emulator
cabinet

DC source
ProgrammableMMC

prototype

OPAL-RT
controller

CompactRIO
controller

Grid
emulator

~
Mains
~~

~
Mains
~~

Fig. 4.11: Laboratory-scaled experimental platform MMC-based HVDC link
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4.4.1 MMC prototype

The parameters of the real high-voltage MMC and the scaled low-voltage
MMC prototype are summarised in Table 4.2. The base impedances (DC
and AC) of both systems can be calculated as (4.4). Note that the energy-to-
power ratio of the MMC (Hc) is practically the same for both systems, and
that the arm reactor impedance in per-unit is also very similar. This shows
a good match between the two systems in relative terms. On the other hand,
the transformer leakage inductance of the laboratory setup is significantly
lower than it would be expected in the large scale system (0.01 p.u. against 0.2
p.u., see the transformer tests in Appendix D) due to the transformer physical
characteristics. However, the fast control and the voltage feed-forward terms
used in the inner current control (see Section 4.4.3) do not make this difference
relevant in terms of dynamics.

Zdc =
V dc
t

2

SN
, Zac =

U2
N,s

SN
(4.4)

Table 4.2: Parameters of the real system and the scaled prototype

Parameter Symbol Real syst. Scaled prot.

Rated power SN 500 MVA 15 kVA
HVDC link voltage V dc

N 640 kV 1500 V
Line AC voltage (primary) UN,p 400 kV 340 V
Line AC voltage (secondary) UN,s 320 kV 816 V
Submodules per arm NSM 400 10
Submodules capacitance CSM 8 mF 1,1 mF
MMC energy-to-power ratio Hc 49.2 ms 49.5 ms
Base DC impedance Zdc 819.2 Ω 150 Ω
Base AC impedance Zac 204.8 Ω 40.56 Ω
Arm resistance Rarm 0.0100 p.u. 0.0099 p.u.
Arm inductance Larm 0.2000 p.u. 0.1743 p.u.
Transf. leakage resistance Rtr 0.0100 p.u. 0.0364 p.u.
Transf. leakage inductance Ltr 0.2000 p.u. 0.0113 p.u.

The cabinets of the AC grid emulator (90 kVA converter from Triphase),
the slave MMC emulator (15 kVA DC source from Magna Electronics), and
the master MMC prototype (an in-house design from Imperial College Lon-
don [84]) used in the laboratory experiments are shown in Fig. 4.12.
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(a) AC grid emulator (b) Slave MMC emulator (DC
source)

(c) Master MMC prototype
(closed)

(d) Master MMC prototype
(open)

Fig. 4.12: Pictures of different cabinets of the platform
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4.4.2 HVDC cable emulator

The DC impedance ratio between the real and the scaled systems is used to
properly scale the series and shunt parameters of the cable, as indicated in
(4.5). Thus, the per-unit values are equivalent in both the real system and
the laboratory prototype, using the respective base impedances.

Rlab
dc = Rreal

dc

Z lab
dc

Zreal
dc

(4.5a)

Llab
dc = Lreal

dc

Z lab
dc

Zreal
dc

(4.5b)

Glab
dc = Greal

dc

Zreal
dc

Z lab
dc

(4.5c)

C lab
dc = Creal

dc

Zreal
dc

Z lab
dc

(4.5d)

The design of the parallel branches of the new sections is based on adapting
an existing design based on π-sections built for a different purpose. The main
difference compared to a design done from scratch is that some of the ini-
tial specifications (e.g. the length of emulated cable per model section) were
adapted in order to reuse some of the existing material aiming at a reasonable
cost and similar physical footprint. The present procedure is focused on this
specific experimental platform. A more extensive analysis could be done in
terms of selecting the most appropriate number of branches and sections. In
fact, algorithms for selecting the optimal number of branches and sections
for HVDC cables based on different metrics are presented in [85]. That is
presented in terms of models for small-signal analysis, where a trade-off be-
tween accuracy and model order is key. From the experimental point of view,
though, cost and footprint are the major constraints, as will be described
next.

The procedure to determine the number of branches of the cable section is
presented in Fig. 4.13. The first step is to obtain the state-space model using
the function vectfit3. This function, as mentioned in Section 4.3.1, fits the
frequency response of a generic model to a specific given frequency response,
in this case from the ULM cable data. The algorithm iterates and tries to
obtain the best solution based on the root-mean-square error. After fitting
the state-space model, the pole-residue model is obtained using the function
ss2pr, which gives the branch parameters (rz,i, lz,i, ∀i). As these parameters
correspond to the high-voltage real system, they are scaled in order to be
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used in the prototype system accordingly. The process ends at this stage if
the obtained lz,i are feasible in terms of volume and cost. Otherwise, the
number of branches is reduced by 1, and the process is started again. The
reference value for lz,i is the original series inductance of the existing π-section
(5.125 mH), and the following high-level objectives are pursued:

� Length range: the upgraded section should correspond to a few kilome-
tres of emulated cable, in order to reach a relatively long distance when
combining all sections in the cabinet.

� Section size: the upgraded section volume and weight must be similar
to the original one, in order to avoid making major changes to the cable
emulator cabinet.

The largest inductor of the upgraded section is the largest of the original
π-section. It is desirable to use it to model a few kilometres and to keep all
other inductors smaller in order to keep the physical footprint small. The
parameters obtained for different number of branches (Nb) are shown in Ta-
ble 4.3. As mentioned before, the shunt parameters (independent from the
number of branches) are c = 0.1616 µF/km and g = 0.1015 µS/km (real
system), and c = 0.8824 µF/km and g = 0.5543 µS/km (scaled prototype).

The largest inductance in the 5-branches model is 5.653 mH. This is approx-
imately the same as the original value and it corresponds to approximately
1 km of cable. This is a sufficient condition to not use this model, as it
constraints the maximum distance the emulator can reach with the existing
number of sections. Regarding the 3-branches model, the largest inductance
is 1.1918 mH, and the second largest is 0.6009 mH. This model is more
feasible than the previous one, but still requires relatively large additional
components, with the corresponding increase in cost and volume. As the
difference in accuracy between a 3-branches and a 2-branches model is rela-
tively small (see Fig. 4.5), the 2-branches option is explored. In this case, the
largest inductance is 0.5303 mH. This means that an inductance of 5.125 mH
corresponds to 9.63 km, which is reasonable for scalability purposes. Con-
sequently, the 2-branches model is chosen for the implementation. The rest
of the parameters are summarised in Table 4.4. Note that, in the π-section
case, an original resistance of 50 mΩ is included. However, the actual value
of the series resistance is 130 mΩ, as the parasitic resistance of the inductor
is 80 mΩ. Also note that the final upgraded section R2 component is around
2.75 times higher than the desired ideal one, meaning that the steady-state
voltage drop at the cable will be higher than expected.
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Table 4.4: HVDC cable prototype section parameters

Parameter
Original
π-section

Upgraded
section
(ideal)

Upgraded
section

(available)
Units

L1 - 0.481 0.470 [mH/section]
L2 5.125 5.125 5.125 [mH/section]
R1 - 203 237 [mΩ/section]
R2 130 29 80 [mΩ/section]
C 3.600 8.524 8.660 [µF/section]
G - 5.355 - [µS/section]

A few further adjustments are made in order to enable the physical imple-
mentation of the circuit. Firstly, parameters are adapted to correspond to
the those of the closest commercial components available. In the case of R2

this leads to a greater error because its ideal value is lower than the effective
series resistance of L2. Consequently, no discrete resistor is added in series
with L2 in the second branch. Also, G is not included in the circuit given
that it has little effect on the dynamics.

Regarding the current rating of the components, it is worth noting that the
cable emulator is designed to carry out small-signal experiments. Therefore,
all components are sized to withstand the rated current of the cable with an
additional safety margin but they are not suitable to carry out realistic short-
circuit studies as the transient current would exceed the saturation point of
the inductors.

The original cable emulator cabinet (Fig. 4.14) included two full symmet-
rical monopoles built for a four-terminal DC system. Each of the four cables
had 11 π-sections (Fig. 4.15). At this stage, only two of the four cables were
upgraded to the new design because this was the minimum required in order
to build a point-to-point DC link. Therefore, the cabinet contains a total
of 22 upgraded parallel branches sections, allowing for a maximum length of
around 106 km of equivalent cable. The other 22 sections remain as π-sections
and are not used in the present study.
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Fig. 4.13: Flow chart of the cable section design procedure
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Fig. 4.14: HVDC cable emulator cabinet

New RL 
parallel
branch

Original inductors

Original
capacitors

Extra C

Extra C

Fig. 4.15: Detailed cable section, corresponding to 9.63 km of cable
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4.4.3 MMC control

The control approach implemented in the experimental platform presents
some differences as compared to the control approach used throughout this
thesis, which has been previously described in Chapter 2. The reason to use
a different approach is that both the hardware and the control design of the
MMC platform used in the present experimental tests were thoroughly devel-
oped and tested during previous research projects [86,87]. Therefore, due to
a limited amount of time to carry out the experiments, and to take advantage
of previous research works, the already well-tested and reliable control ap-
proach of the MMC platform has been used in the experiments. Rather than
implementing the control approach used throughout the thesis (Control I), a
validation and a dynamic analysis comparison between Control I and the one
used in the experimental setup (Control II) has been performed. Thus, as
will be shown next, it can be stated that both approaches are fundamentally
equivalent.

On one hand, in Control I (Fig. 4.16a), a variable change (diff-sum) is used
to identify the roles of each AC and DC current component, thus obtaining
decoupled equations. Then, specific feedback controllers are designed for
each component, making their tuning relatively straightforward, in a Single-
Input Single-Output (SISO) fashion. In this case, Park transform is used
in the case of the AC grid current, enabling the use of PI controllers, and
also PI controllers together with lead-lag filters (see Chapter 2) are used for
the additive current components inside the MMC. This control approach is
implemented in a continuous-time average model, as discussed in previous
chapters.

On the other hand, Control II (Fig. 4.16b) is addressed directly in the
upper-lower (u − l) frame, and without addressing separately the AC and
DC components of the currents, obtaining an overall state-space model with
mixed AC and DC components. In this case, a feed-forward controller is
firstly designed to compensate for external AC and DC voltages (uncontrol-
lable inputs) as well as the inductive and resistive voltage drops of the system.
Additionally, a feedback controller is added to bring states back to their ref-
erences, although most of the control effort is supplied by the feed-forward
controller. Regarding the feedback control, it is usually complex to man-
ually tune such a Multiple-Input Multiple-Output (MIMO) controller. To
overcome this challenge, a Linear-Quadratic Regulator (LQR) is used. LQR
allows for tuning a complex multivariable system more intuitively by treat-
ing it as an optimisation problem, assigning costs to the different errors and
inputs of the system. The LQR controller is a proportional controller, and
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4.4 Experimental platform

the costs are tuned iteratively to achieve the desired performance. A simi-
lar approach was followed in [88]. This control approach is implemented in
a discrete-time switched model. That model was built in the past for vari-
ous research purposes [86,87] as a detailed and reliable representation of the
laboratory-scaled experimental platform. Thus, simulations are run in this
model for verification purposes before downloading the designed controls into
the OPAL-RT unit that controls the experimental platform.
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Fig. 4.16: Different inner control approaches for the MMC (energy-based)

In Figs. 4.17-4.19, the dynamics of both control approaches are compared
through simulations. As mentioned before, Control I is implemented in
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Chapter 4 Experimental validation of a laboratory-scaled MMC-HVDC link

a continuous-time average model, whereas Control II is implemented in a
discrete-time switched model, for the aforementioned practical reasons. Start-
ing with an operating point of 0.75 p.u. of DC power flowing from the slave
MMC to the master MMC, a step to 1 p.u. of DC power is performed at t=2 s.
Some additional ripples on top of the main components are observed in the
magnitudes of the experimental platform model. This is due to the switches
rather than to the control approach itself, and those are not observed in av-
erage models. Also, small differences are observed on the AC side current
and power, which are due to the extra losses of the experimental platform
model (i.e. switching losses). Furthermore, the energy differences (Fig. 4.19)
present phase shift and a small difference in the amplitude of the ripples. In
this case, this is due to the energy balancing control approach, which is dif-
ferent in Control I and Control II. However, these differences are not relevant
and do not affect the normal operation of the converter. Overall, it can be
concluded that both models exhibit essentially the same dynamic characteris-
tics. Therefore, it is reasonable to use one approach or the other indistinctly,
and it can be also stated that the average model essentially matches the
more detailed switched model. In the next section, the high-voltage system
simulation (using Control I) is compared to the experimental results of the
laboratory platform (using Control II).
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Fig. 4.17: Dynamic response simulation models comparison: Control I and
Control II – DC magnitudes
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Fig. 4.18: Dynamic response simulation models comparison: Control I and
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4.5 Dynamic performance of the system

The point-to-point system is tested under a DC current disturbance injection,
from 0 to rated current in approximately 500 ms. The length of the link is set
to 48.14 km, which corresponds to 5 sections for each pole. The simulation of
the real system, using the ULM cable and the Average Arm Model (AAM) of
the MMC, the simulation of the low-voltage detailed system that represents
the experimental platform, and the experimental results are presented in
Figs. 4.20-4.21. The slave converter is modelled as a DC source with a first
order response of 500 ms. The disturbance is applied from the DC source
operating in current control mode.

It can be seen that the simulated real high-voltage system (system 1),
the simulated laboratory-scaled low-voltage equivalent (system 2) and the
experimental setup (system 3) exhibit similar dynamic behaviour. The main
difference is found in the DC voltage ripple in systems 2 (Fig. 4.20e) and 3
(Fig. 4.20f), and to a lesser extent in the AC voltages in system 3 (Fig. 4.21i).
As the AC grid is ideally balanced and harmonic-free, and because the MMC
model is an average model without switching states, these ripples do not
appear in the real system simulation (system 1). Also, the AC voltages are
slightly higher in system 3 (Fig. 4.21i). This could be related to a higher
impedance in the AC side, which causes a higher voltage drop.

The frequency response of the cable emulator (using the setup from Fig. 4.7)
is presented in Figs. 4.22-4.23. As the number of sections used determines
the cable length, different cases are plotted. In order to compare the fre-
quency response of the cable emulator with the one from the ULM cable, the
values of the components used in the laboratory platform are scaled back to
the high-voltage system, using the relations from (4.5). Also, the π-section
model has been included for reference, with its RL parameters corresponding
to the equivalent RL of the cable, as mentioned before. Therefore, the pa-
rameters of the π-section model shown in these plots correspond to the ideal
case where it is possible to use the desired series resistance. Note that the
whole symmetrical monopole is considered in all cases.

It can be seen that the peaks in the case of the π-section are the largest
in all cases. The 2-branches model reduces these peaks, and also results in a
better representation of the cable at the lower frequency range. The initial
resonance peak is not as close to the ULM model as the π-section in the case
of one or few sections in series. In case of several sections in series (Fig. 4.23),
the 2-branches model exhibits a better match both with the location of the
initial peak and its impedance value (as well as a good match at the lower
frequency range). It has to be noted that the equivalent series resistance (i.e.
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(a) DC current (1) (b) DC current (2) (c) DC current (3)

(d) DC voltage (1) (e) DC voltage (2)

 

(f) DC voltage (3)

(g) MMC energy (1) (h) MMC energy (2) (i) MMC energy (3)

Fig. 4.20: Dynamic response of the DC current, DC voltage and internal
MMC energy – Simulated real high-voltage system (system 1),
simulated laboratory-scaled low-voltage equivalent (system 2), and
experimental setup (system 3)
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(a) SM voltages (1) (b) SM voltages (2) (c) SM voltages (3)

(d) AC currents (1) (e) AC currents (2) (f) AC currents (3)

(g) MMC AC voltages (1) (h) MMC AC voltages (2) (i) MMC AC voltages (3)

Fig. 4.21: Dynamic response of the arms voltages, AC currents and AC volt-
ages – Simulated real high-voltage system (system 1), simulated
laboratory-scaled low-voltage equivalent (system 2), and experi-
mental setup (system 3)
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the impedance corresponding to 0 Hz) is not the expected one in the case of
the 2-branches model. This is because the minimum possible resistance for
the hardware setup is constrained by the parasitic resistance of the inductor,
which is around 2.75 times higher than the desired one (see R2 in Table 4.4).
Finally, note that the number of resonant peaks is related to the number of
cable sections in series as expected.

(a) 1 section (9.63 km)

(b) 3 sections (28.88 km)

Fig. 4.22: Cable emulator model frequency response – 1 and 3 sections, com-
parison with ULM and π-section

Peaks appear in the range between 0.7 kHz and 5 kHz regardless of the
number of sections under test (i.e. 1, 3, 5 and 11). This frequency range
is close to the effective switching frequency of the converter and the update
frequency of its controller (both 10 kHz). Therefore, these peaks may be
excited by the action of the MMC. Even though 5 kHz is apparently above
the bandwidth of the DC voltage controller, the DC voltage measurement is
found to cause unstable behaviour in both simulations and experiments.

Therefore, a low-pass filter (LPF) is added to the DC voltage measurement
to further reduce the gain at the resonant frequencies. This is found to cause
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(a) 5 sections (48.14 km)

(b) 11 sections (105.91 km)

Fig. 4.23: Cable emulator model frequency response – 5 and 11 sections, com-
parison with ULM and π-section
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negligible effect on the reference tracking capability of the controller. The
equation of the LPF is given by (4.6), where Ts is the sampling frequency
(100 µs in this case) and TLPF is the time constant of the filter, which was
set to be of 1 ms. This effectively mitigates the problem described above.
The transient response upon by-passing the LPF at time t = 1.2 s is shown
in Fig. 4.24 for illustrative purposes. Please note that the operation before
the disconnection of the filter is perfectly stable.

GLPF(s) =

Ts
TLPF

z +
(

Ts
TLPF

− 1
) (4.6)

(a) DC side voltage (b) Internal MMC energy

(c) AC side voltage (d) AC side power

Fig. 4.24: Experimental platform simulation model – Without LPF

105



Chapter 4 Experimental validation of a laboratory-scaled MMC-HVDC link

4.6 Conclusion

An MMC-based HVDC link with a relatively short cable has been tested in
a low-voltage test bench. The frequency dependent behaviour of the cable is
improved using the parallel branches approach, as compared to the classic π-
section. However, a high number of components (and large) are required if one
seeks for a very detailed match of this cable model with the benchmark ULM
cable model, which is highly impractical from a laboratory-scaled platform
point of view. It has been found that using only two parallel branches leads
to a significant improvement over the classic π-section. However, a high-
frequency oscillation is introduced on top of the main frequency component.
Also, a series of low-damping peaks appear in the frequency response of the
cable model. These may be excited by the action of the MMC, as they
are relatively close to the effective switching frequency of the converter. This
can cause instability, which may be prevented by adequate filtering of the DC
voltage measurement in the feedback path. The bandwidth of this filter is
greater than that of the DC voltage regulator. Therefore, it may not interfere
with the relevant dynamics of the system.
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Chapter 5

Optimal control tuning of the MMC
in DC voltage control mode

This chapter is based on the following publications:

[J2] E. Sánchez-Sánchez, D. Groß, E. Prieto-Araujo, Florian Dörfler and O. Gomis-Bellmunt, “Op-
timal multivariable MMC energy-based control for DC voltage regulation in HVDC applications”,
IEEE Transactions on Power Delivery, vol. 35, no. 2, pp. 999-1009, 2020.

[C2] E. Sánchez-Sánchez, E. Prieto-Araujo and O. Gomis-Bellmunt, “On the performance of the
energy-controlled MMC: Impact of the internal and the DC capacitances in HVDC applications”,
in 15th IET Int. Conf. on AC and DC Power Transmission, Coventry, United Kingdom, Feb.
2019.

5.1 Introduction

In Chapter 3, four different control structures for an energy-based MMC con-
trolling the DC voltage were presented, namely classic, cross, weighted and
constant DC voltage control. Transient issues were observed when the equiva-
lent DC side capacitance is relatively small, e.g. in a medium or short HVDC
link. The weighted control, which is a combination of the classic and the
cross structures, provides the control system with extra degrees of freedom,
due to the tunable weights included in the control scheme. This chapter aims
to address the tuning of these weights based on different objectives via opti-
misation. The first method that will be presented is based on the H∞-norm,
which was presented in the conference paper [C2]. After, and based on the
work done in [J2], a more general version of the weighted control, namely
multivariable control, is presented, and a second method, in this case based
on the H2-norm, is used.
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Chapter 5 Optimal control tuning of the MMC in DC voltage control mode

5.2 Brief overview on optimal, robust control and
system norms

Optimal control aims to obtain a controller that, for a given system, satisfies
a certain optimality criterion, usually by minimising a specific performance
index, and ensuring stability. Optimal control was introduced in the decade of
1940, and it reached maturity in the decade of 1960 with the Linear Quadratic
Gaussian (LQG) control, which name arises from using a linear model, an in-
tegral quadratic cost function, and Gaussian stochastic processes that model
disturbances and noise [89].

Two well-known performance metrics in optimal control theory are the H2

and H∞ norms. They are defined in the frequency-domain as

‖G(s)‖2 =

√√√√√ 1

2π

+∞∫
−∞

trace[G(jω)G(jω)H ]dω, (5.1)

‖G(s)‖∞ = sup
ω

σmax[G(jω)], (5.2)

where G(s) is a stable transfer function, superscript H denotes the complex
conjugate transpose, and σmax denotes the maximum singular value.

LQG is the combination of a Linear Quadratic Regulator (LQR), which is
a special case of H2 norm minimisation for full-state feedback, and a Linear
Quadratic Estimator (LQE), which is a special case of H2 applied to a linear
observer. H∞ came out later on, in the 1980’s, mainly motivated by the
robustness concerns of LQG control [90]. However, in terms of their solution
process, these two approaches appeared to be more closely related than it
was originally thought. These similarities are more evident in terms of the
algorithms used to solve those problems, such as the widely known state-
space solutions from [91]. For instance, they both require to solve two Riccati
equations, they yield a controller of the same dimension as the plant, and they
exhibit separation in the controller structure, i.e. they result in a combined
optimal state feedback and estimation, as in the case of LQG [89].

On one hand, traditional H∞ (or H2) synthesis methods deal with the
design of controllers without structure, usually resulting in high-order con-
trollers. Therefore, the results might be hard to map into a real-world control
architecture. Additionally, it requires expressing the design requirements in
terms of a single weighted multivariable transfer function. In contrast, struc-
turedH∞ (orH2) synthesis methods allow for describing and tuning a specific
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control system that, for instance, needs to be improved. The control architec-
ture, complexity, structure, and parametrisation of each tunable component
in the control system, such as PID controllers, gains, and fixed-order transfer
functions, can be specified [92].

It is not within the scope of this work to deeply analyse or improve upon
the algorithms and methods related to one or another optimal control tech-
nique, but rather to apply them to some of the present thesis case studies
to achieve enhanced (optimal) performance using a fixed-structure controller
(i.e. keeping the same control structure and tuning the corresponding gains).
Furthermore, the present work does not aim to provide a rigorous math-
ematical comparison between the H∞ and H2 norms based methods that
concludes which one is better. This would imply moving to a more control
theory related topic, and therefore falls outside the scope of the present work.
Moreover, the results obtained in such a comparison might not be relevant
enough to claim such statement, and also might be case dependent. Instead,
this chapter aims to present both methods as effective solutions to obtain
optimally and robustly tuned controllers, and to emphasise on the practical
aspects in their application.

The minimisation of the aforementioned norms can be interpreted as fol-
lows:

� The H∞-norm [92, 93] minimises the peak of the Bode plot (the maxi-
mum singular value in the MIMO case) in the frequency domain, and
the worst-case L2 gain in the time domain (i.e. worst-case disturbance
amplification).

� The H2-norm [94, 95] minimises the area under the Bode plot (the
integral of the trace in the MIMO case) in the frequency domain. This
can be interpreted as minimising the output energy after an impulse
(H2), minimising the output variance for a white noise input (H2),
or minimising the output energy when starting from a non-zero initial
condition (LQR).

Essentially, H∞ minimises worst-case performance whereas H2 minimises av-
erage performance. Even though none of these two methods explicitly op-
timise time-domain criteria, they can be tuned so that an acceptable time-
domain performance is obtained.

Both norms have been shown useful for the present work purposes in tun-
ing gains of fixed-structure controllers. In order to avoid misleading generic
statements, some particular aspects on both system norms should be high-
lighted to remark their differences:
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� The H2-norm is a smooth function (i.e. several continuous derivatives)
of the system and control parameters, whereas H∞ is non-smooth.

� The full-state feedback (LQR) and observer feedback (LQG) can be
formulated as convex optimisation problems.

� The structuredH2 state feedback problem is non-convex and NP-hard [96].

� Convex reformulations exist for special H∞ problems. However, opti-
mising the H∞-norm of structure feedback problems results in a non-
convex (i.e. many local minima and maxima) optimisation problem.

These two points make H2 in general more numerically and computation-
ally tractable as compared to H∞-based techniques. H∞ will likely result in
different solutions, depending on the initial conditions, step size, number of
sampling random steps, and so on. In the case of H2, a gradient descent will
reliable bring the solution to a local minimiser, which often will turn out to
be the global minimiser.

5.3 Initial evaluation of the dynamic performance

As in previous Chapters 3 and 4, the system under study is a master MMC, for
instance operating in a point-to-point link. In this chapter, the slave converter
is simplified to ease the analysis carried out in this chapter. Furthermore, this
simplification can be also seen as a generalisation, as the slave converter slow
dynamics could constrain the capabilities of the master converter in other
scenarios. Instead, a current source in the slave DC terminals of the HVDC
link is considered.

5.3.1 Linear model

The linear model is the same as the one presented in Chapter 3 (Fig. 3.7),
simplifying the slave converter dynamics to a first-order response. The state
and input vectors of the MMC ∆xMMC ∈ R11 and ∆uMMC ∈ R6 are given by

∆xMMC = (∆ζ12
pll,∆i

qd
s ,∆i

0dc
sum,∆Wt,∆γ

qd
s ,∆ξ

0dc
sum,∆σv,∆κw)

∆uMMC = (∆V dc∗
t ,∆W ∗t ,∆V

dc
t ,∆Q∗ac,∆v

qd
g ), (5.3)

where ∆ζ12
pll are the two integral states related to the PLL dynamics; ∆γqds

are the two integral states related to the iqds controllers; ∆ξ0dc
sum is the integral
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state related to the i0dc
sum controller; and ∆σv and ∆κw are the integral states

of the V dc
t and Wt outer controllers.

Regarding the cable, the corresponding states ∆xcable ∈ R5 and inputs
∆ucable ∈ R2 are given by

∆xcable = (∆V dc
t1 ,∆i1−2,1,∆i1−2,2,∆i1−2,3,∆V

dc
t2 ),

∆ucable = (∆i1,∆i2).
(5.4)

Finally, the linear model of the overall system is obtained by interconnect-
ing the models of the MMC and the cable through the DC voltage V dc

t . As
mentioned before, in order to reduce the model order, the slave converter is
modelled as a controlled DC current source with a first-order low-pass filter
(extra state ∆xslave ∈ R). The time constant of the low-pass filter can be
seen as an equivalent to the time constant of the slave converter AC power
loop (τp). Then, the state space of the overall linear system is defined by
∆x ∈ R17 and ∆u ∈ R6 given by

∆xoverall = (∆xMMC,∆xcable,∆xslave),

∆uoverall = (∆V dc∗
t ,∆W ∗t ,∆Q

∗
ac,∆v

qd
g ,∆P

∗
2 ).

(5.5)

5.3.2 Impact of the DC capacitance

As presented in Chapter 3, the tuning of the DC voltage controller in an
energy-based approach is not straightforward in the case of short links, as
the capacitance seen at the DC terminals is small. A common tuning rule
(adopted from the 2L-VSC topology) consists of taking the equivalent DC ca-
pacitance as the plant (in this case, the capacitance of the whole symmetrical
monopole link), and compute the closed loop with the PI controller, defining
the desired time-domain response (3.5)-(3.7). Even though this is a reference
tracking criteria, if the DC capacitance (Cdc) is big enough, the disturbance
rejection capability is acceptable.

A first-order rated power disturbance from the other end of the HVDC
cable with a settling time of 40 ms is performed at t = 0.23 s. A comparison
among the three different control structures for 125 km (dashed lines) and 25
km (solid lines) cable lengths is shown in Fig. 5.1. The submodule’s capacitor
is 8 mF (120 µF overall internal capacitance, see Table 3.1). In the 125 km
case (10.1 µF DC capacitance, see Table 3.2), all structures perform well
and the transient responses are similar. On the other hand, when the 25 km
cable (2 µF, see Table 3.2) is considered, the performance worsens notably,
specially in the classic structure case, where the system is close to instability
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(if the AC power feed-forward is removed, the system is unstable for both
cable lengths).

Classic Cross Weighted

Fig. 5.1: Time-domain simulation of the master MMC system – DC capaci-
tance impact (dashed: 125 km, solid: 25 km)

5.3.3 Impact of the internal capacitance

The aforementioned tuning problem is much less problematic in the case of
the energy control, as the internal MMC capacitance is determined by adding
up all the submodules’ capacitors, resulting in a relatively big capacitance.
The sizing of these capacitors depends on the admissible voltage ripple, which
should be small in order to avoid modulation issues. Also, it is an interesting
feature of the MMC to have a certain amount of internal energy (e.g. for
damping purposes between the AC and the DC sides). Therefore, it is not
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realistic to reduce the sizing of these capacitors drastically. In this case,
an empirical tuning of the total energy controller with kp = 300 W/J and
ki = 7500 W/(Js) has been used (kp = 100 W/J and ki = 500 W/(Js) for the
vertical and horizontal energy balancing).

A similar comparison to the one in Fig. 5.1 is shown in Fig. 5.2, considering
the original submodule capacitor of 8 mF (dashed lines) and a second case
with 2 mF (30 µF) (solid lines), both with a 125 km cable and the same
disturbance. In the first case, the three structures provide the system with
good performance. When a smaller internal capacitance is considered, the
classic structure (and consequently the weighted one) exhibits an oscillatory
behaviour, whereas the cross structure shows a more consistent transient
performance. However, in this last case a fine tuning would be necessary to
avoid the overshoot in the total energy.

5.4 Optimal tuning based on H∞-norm

5.4.1 Methodology

As seen so far, the tuning of the DC voltage and the total energy controllers is
not obvious, and it is specially critical in the case of a small DC capacitance.
Therefore, an optimal tuning procedure using the complete linear model of
the system is proposed in this section. The classic, the cross and the weighted
structures will be considered for the optimisation.

This procedure consists of defining a maximum gain curve in the frequency
domain for a specific set of transfer functions of the system. In this case, the
following ones have been considered:

G1(s) =
∆V dc

t (s)

∆i2(s)

G3(s) =
∆iq∗s (s)

∆i2(s)

G2(s) =
∆Wt(s)

∆i2(s)

G4(s) =
∆i0dc∗

sum (s)

∆i2(s)

(5.6)

The input disturbance is the power reference P ∗2 , corresponding to the
slave terminal, and the magnitudes to be constrained are the DC voltage,
the total energy, and the current references. Note that, as compared to the
case study in Chapter 3, in the present case the slave MMC dynamics are
represented by a first-order function for simplicity. The current references
are considered for the constraints, instead of the feedback currents, aiming at
a more conservative restriction. The maximum gain profile for each transfer
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Classic Cross Weighted

Fig. 5.2: Time-domain simulation of the master MMC system – Internal ca-
pacitance impact (dashed: 8 mF, solid: 2 mF)

function from (5.6) is calculated as

|Gi(jω)| ≤ yi(0)

u(0)
(5.7)

being u(0) the input disturbance and yi(0) the corresponding output (con-
sidering typical converter limits):

� u(0) = PN

� y1(0) = 0.10 V dc
N (10% overvoltage)

� y2(0) = 0.10 W ∗t (10% energy overshoot)
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� y3(0) = 1.20 (PN/(3V
dc
N )) (20% i0dc*

sum overcurrent)

� y4(0) = 1.20 (
√

2V dc
N /(
√

3UN )) (20% iq∗s overcurrent)

The optimisation process will try to keep the gain of the transfer func-
tions (5.6) below the gain limit (5.7).

The optimisation problem to be solved is

min
x

max
i

(fi(x)) (xmin < x < xmax) (5.8)

being x the vector of constants to be tuned (tunable parameters), and fi the
normalized values of the i soft goals (objectives). Limit boundaries for each
tunable parameters xmin and xmax can be optionally included. Functions
fi(x) are obtained as

fi(x) = ‖WFi(s)Gi(s, x)‖∞ (5.9)

being WFi(s) the frequency weighting functions derived from the maximum
gain profile specified, and Gi(s, x) the aforementioned closed-loop transfer
functions.

Function systune from Matlab has been used to solve the problem. The
optimisation algorithm is based on the H∞ norm [92]. The following pa-
rameters can be set: soft tolerance, minimum decay, and number of random
starting points and iterations. The optimiser returns the stable tuning that
better accomplishes the optimisation objectives. It has to be noted that
this kind of optimisation problem based on the H∞ norm is non-smooth and
highly non-convex in the controller parameters.

5.4.2 Results and discussion

An extreme case study of a 2 km cable (DC capacitance of 0.16 µF) and a
submodule capacitor of 3 mF (total MMC internal capacitance of 45 µF) is
considered. An initial stable tuning is necessary in order to warm-start the
optimal algorithm. This can be achieved using the weighted control structure
and the tuning rules described in Sections 5.3.2 and 5.3.3, multiplying the
DC voltage controller parameters by a factor of 6. A first-order rated power
disturbance from the other end of the HVDC cable with a settling time of
200 ms is performed at t = 1 s.

The original stabilising tuning exhibits a non-linear behaviour, due to the
saturation limits of the converter (see Fig. 5.3). Regarding the optimal tun-
ing, the classic structure (k2 = k3 = 0) leads to an unstable system, sug-
gesting that this structure is not suitable for short link cases, as there is
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no possible tuning that meets the requirements. On the other hand, both
the cross and weighted structures lead to a stable system with improved
performance: the cross structure (k1 = k4 = 0) shows a smoother response
and a higher overshoot of the total energy, whereas the weighted structure
(k1 = k2 = k3 = k4 = 1) exhibits a more aggressive response with almost no
overshoot, due to the extra degrees of freedom. Looking at the requirements
from (5.7), it is shown that the AC current and the energy are below the
limits, whereas the DC voltage is slightly exceeded. This is mainly due to
the fact that the scenario considered is a very extreme case, and unveils that
even with more aggressive tunings, the requirement of maintaining a stiff DC
voltage has some limitations with this kind of control if the equivalent capac-
itance is small. Above all, the selection of the cross control or the weighted
control can be understood as a trade-off.

Fig. 5.3: Time-domain simulation of the master MMC system – Initial
weighted and optimal cross and weighted tunings
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The Bode gain plots (Fig. 5.4) show that the classic structure, which draws
the system unstable, widely exceeds the DC voltage limit and also the current
limits. In the cross and weighted structures, the DC voltage limit is still
slightly exceeded, meaning that the optimiser has not been able to keep the
gain curve below the limit imposed. It is also observed in the G2(s) plot
that the cross structure slightly exceeds the total energy requirement. To
conclude, it can be stated that both the cross and weighted structures are
suitable candidates to optimally tune an MMC in DC voltage control mode.
Different dynamic results might be obtained depending on the requirements
and the parameters of the optimisation.

Fig. 5.4: Bode gain plots of the master MMC system (5.6) – Initial weighted
and optimal classic, cross and weighted tunings

The tuning values are summarised in Fig. 5.5. Note that k1 = 1 and k4 = 1
are fixed, as they are redundant with the PI gains. On one hand, it is notice-
able that the cross control optimal parameters do not change drastically as
compared to initial weighted tuning. On the other hand, some of the weighted
control optimal gains are increased notably, specially the ones related to the
energy, resulting in a flat response in that magnitude as observed in Fig. 5.3.
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Fig. 5.5: Different controllers H∞ tuning results – Parameters kp and ki of
the weighted initial tuning and the optimal tuning of the classic,
cross and weighted control structures (v refers to the DC voltage
PI, and w refers to the energy PI)

5.5 Generalised MIMO control structure

In this section, a generalised multivariable outer control structure that con-
sists of a 2×2 MIMO PI controller (Fig. 2.3) and subsumes the classic, cross,
and weighted control structures, is proposed. As in the weighted control, the
current references iq∗s and i0dc*

sum are computed as a combination of the DC
voltage (V dc

t ) and the total energy (Wt). The difference, however, is that
this novel structure offers eight degrees of freedom that can be interpreted
as parameters of four independent PI controllers: four kp− ki ratios and four
scaling gains. Instead, in the case of the weighted control only six degrees of
freedom are obtained: two kp − ki ratios and four scaling gains (Fig. 5.6). It
is worth noting that the order of this new MIMO controller is actually the
same as in the previous structures.

5.6 Optimal tuning based on H2-norm

5.6.1 Linear model remarks

The linear model from Section 5.3.1 is recalled, and the inputs ∆V dc∗
t , ∆Q∗ac,

∆W ∗t and ∆vqdg are not considered as disturbances in the present study, so
they are set to zero in the small-signal model. The only disturbance consid-
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Fig. 5.6: Weighted and MIMO control structures comparison

ered is the AC power reference of the slave converter (∆P ∗2 ), which is divided
by the nominal voltage V dc

N and, after passing through the first-order filter
that emulates the slave converter dynamics, yields the current ∆i2. Then, the
closed-loop system can be described by the following equations (see Fig. 5.7)

∆ẋ = A∆x+ B∆u+ G∆w

∆u = F∆y

∆y = C∆x

∆z = C̃∆x+ D̃∆u

, (5.10)

where ∆w ∈ R denotes the disturbance input accounting for the DC current
of the slave converter, ∆y ∈ R8 are the measured outputs to be regulated, u ∈
R8 denotes the control inputs, and ∆z ∈ R3 denotes the physical performance
output of interest to quantify performance:

∆w = ∆P ∗2 ,

∆y = (∆ev,∆σv,∆ew,∆κw,∆e
′
v,∆σ

′
v,∆e

′
w,∆κ

′
w),

∆u = (∆iPv ,∆i
I
v,∆i

P
w ,∆i

I
w,∆i

P
v
′
,∆iIv

′
,∆iPw

′
,∆iIw

′
),

∆z = (∆vqdiff,∆Wt,∆V
dc
t ).
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The vector ∆y contains the DC voltage deviation and its integral, i.e. (∆ev,
∆σv, ∆e′v, ∆σ′v) as well as the deviation of the total energy and its integral
(∆ew, ∆κw, ∆e′w, ∆κ′w), and the vector ∆u contains the proportional (P)
and integral (I) components of the reference currents. The ′ symbol refers to
the control efforts of the second output reference (i0dc*

sum ). For clarity of the
presentation, only the three most important performance outputs have been
selected for the physical performance output vector ∆z.

kp1
ki1

kp4
ki4
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0 0
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CΔx=Δy CΔx=Δz ~
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+DΔu
~

Δu
Δz

Δy

RQ
1
2

1
2

Δyp

Fig. 5.7: Closed-loop standard form of the overall linear model

5.6.2 Methodology

The control gains of the MIMO control system (i.e. the parameters in the
matrix F ) are tuned by optimising the H2-norm [89, 94, 97] of the system.
Broadly speaking, the H2-norm provides a measure of the magnitude of a
weighted performance output vector ∆yp in response to a disturbance input
vector ∆w. TheH2-norm has several (equivalent) interpretations. It captures
the energy of the output signals ∆yp in response to impulsive disturbances,
it measures the rate of change of the output energy for a step disturbance,
and it captures the variance of ∆yp in response to white noise. In a power
system this can be interpreted as a line opening/closing (impulse), load-step
or loss of a generator (step), and fluctuations of renewable generation (white
noise). Moreover, in frequency domain, minimising the H2-norm corresponds
to a minimisation of the area under the magnitude plot of the Bode diagram.

To apply H2-norm optimisation to the tuning problem at hand, a per-
formance output ∆yp is defined, which contains the outputs of interest (i.e.
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∆z) as well as positive (semi)definite matrices Q and R that penalise the
deviation of the performance outputs ∆z and the control effort ∆u:

∆yp = Q
1
2 C̃∆x+ Q

1
2 D̃∆u+ R

1
2 ∆u (5.11)

For clarity of the presentation, the weighted performance output ∆yp is de-
fined using the physical performance output ∆z, whereas the standard ap-
proach in the control literature directly uses Q and R to define the output
∆z in (5.10). The performance output is used to formulate the cost function:

J∞ =

∫ ∞
0

yp
>yp dt,

=

∫ ∞
0

∆x>C̃>QC̃∆x+ ∆u>(D̃>QD̃ + R)∆u dt

The complete dynamical system G is obtained by closing the loop via ∆u =
F∆y as in Fig. 5.7 and using (5.11):

∆ẋ = (A + BFC)∆x+ G∆w = Acl∆x+ G∆w

∆yp = (Q
1
2 C̃ + Q

1
2 D̃FC + R

1
2FC)∆x = Ccl∆x

Even though the H2-norm does not explicitly optimise time-domain crite-
ria (such as the overshoot), it can be used to obtain adequate time-domain
performance. The optimisation problem to be solved is defined by [97]

min
F
‖G‖22 (xmin < x < xmax) (5.12)

TheH2-norm between the disturbance input ∆w and the performance output
yp is given by [94]

‖G‖22 = trace(G>PFG) (5.13)

where PF is the closed-loop observability Gramian obtained as positive defi-
nite solution of the Lyapunov equation

PAcl + Acl
>P + Ccl

>Ccl = 0 (5.14)

for a fixed F. Due to the structure imposed on F (see Fig. 5.7), the opti-
misation problem (5.12) is generally non-convex. However, it can be solved
efficiently by noting that the gradient of ‖G‖22 with respect to the control gains
can be computed efficiently. The gradient computation used in [97] cannot
be applied here, because Ccl also depends on the control gains. Therefore,
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similar steps to the ones in [98] are used to derive an expression for the gra-
dient of ‖G‖22 that requires computing the observability Gramian (i.e. (5.14))
and controllability Gramian, i.e. that requires the solution of two Lyapunov
equations. The details are omitted for reasons of space. Finally, it is to
be remarked that the present approach can be used to optimise the control
parameters for multiple operating points by considering the sum of the H2-
norms at different linearisation points (but with the same control parameters)
as cost function. However, for the sake of clarity, a single operating point is
considered in this study.

5.6.3 Scenario configuration

In this section, the H2-norm optimisation is applied to tune the control gains
of the master converter MIMO control structure. First, the sensitivity of
the performance outputs is studied with respect to the penalty parameters.
Next, the penalties are iteratively updated to obtain optimal control gains
and validate the resulting control performance using the full non-linear model
applying an AC power reference change in the slave converter from 0 to 1
p.u. (i.e. flowing from the slave to the master) at t = 0.2 s. This relatively
large disturbance is a suitable benchmark scenario to verify the effectiveness
of the proposed method. Two different scenarios are considered:

� Case 1: Short link of 50 km. Examples of similar real-world projects
are Cross-Sound (USA, 40 km, 2002), INELFE (Spain-France, 65 km,
2015), and ElekLink (UK-France, 51 km, to be commissioned in 2020).

� Case 2: Very short link of 5 km. A potential application of a such
a short link is the interconnection of neighbouring systems, either at
different frequencies or simply non-synchronous. An example of an
already existing very short cable project is the Xiamen Island VSC-
HVDC demonstrator (China, 10.7 km, 2015).

The H2-norm approach presented in the previous is implemented in Mat-
lab using the SQP algorithm of fmincon and applied to a linear model cor-
responding to an operating point given by a DC power flow of 1 p.u. from
the slave to the master converter. Furthermore, the tuning rules discussed in
Chapter 3 are used to obtain an initial guess for the control gains to warm-
start the optimisation.
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5.6.4 Sensitivity with respect to performance penalties

One of the advantages of using an optimisation method is that it allows
for a more intuitive, principled, multivariable, and obviously optimal tuning
procedure, i.e. instead of directly tuning the individual gains (eight in total) of
SISO controllers, the focus is put on the penalties on the desired performance
outputs (Q) and control inputs (R). First, the correlation of the penalties is
studied through time-domain performance. To this end, the focus is put on
the AC voltage (vqdiff), the total energy (Wt), and the DC voltage (V dc

t ) as
the most relevant performance outputs that are penalised by the matrix

Q = diag(qvac , qwt , qvdc) (5.15)

Moreover, the matrix R penalises the 8 control inputs ∆u = F∆y, where F
contains the tunable static gains.

R = α diag(rp1 , ri1 , . . . , rp4 , ri4) (5.16)

As the system is normalized to a per unit framework, the initial guess for
the penalties Q and R is the identity matrix. The effect of different penalties
on the dynamics of the outputs of interest is shown in Fig. 5.8 using a cable
of 10 km. First, looking at α (the Q−R ratio) it can be seen that all
magnitudes have low overshoot when this value is low. A value of α = 0.01 is
fixed for the next cases. Increasing the penalty on vqdiff reduces the overshoot
of the AC voltage but at the expense of increasing the overshoot of the total
energy. On the other hand, increasing the penalty in Wt shows the opposite
effect. Finally, increasing the penalty in V dc

t reduces the overshoot of the DC
voltage, even though this magnitude is already at a reasonable level in the
previous cases using α = 0.01.

The results in Fig. 5.8 highlight how the control gains can be modified
through the choice of penalties to achieve the desired performance. Analysing
time-domain metrics is a good way to receive feedback from the optimisation,
and allows for iterating the penalties until an acceptable result is found.
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Fig. 5.8: Effect of different penalties – Overshoot of the DC voltage, AC volt-
age and total energy, in a 10 km link test case
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5.6.5 Results and discussion

Next, the insights on how the penalties affect the resulting performance are
used, and the H2 optimisation is applied to both Case 1 and Case 2. Both
penalty matrices Q and R are initially set to the identity, and α is set to
0.01. Next, the penalties are modified in two iterations to obtain the desired
dynamic performance. The resulting time-domain responses after every iter-
ation are shown in Fig. 5.9. The initial tuning in the 50 km case is equivalent
to the weighted control approach with k1 = k2 = k3 = k4 = 1 (see Table 5.1).
In the 5 km case, the gains of PI1(s) and PI3(s) (i.e. the critical controller re-
lated to the DC voltage) are multiplied by a factor of 4 to obtain a stabilising
initial tuning.

Table 5.1: DC voltage and energy PI controllers initial tuning values

K1 K2 K3 K4

−
√

2V dc∗
t k1/(

√
3UN ) −

√
2k2/(

√
3UN ) −k3/3 k4/(3V

dc
N )

PI1(s) PI2(s) PI3(s) PI4(s)

kp K1 2ξωnCdc K2 250 K3 2ξωnCdc K4 250

ki K1 ω
2
nCdc K2 6250 K3 ω

2
nCdc K4 6250

The first iteration (i.e. with Q and R set to identity) results in a clear
improvement of the initial tuning that avoids the converter saturation limits
(see the magnitudes vqddiff and V dc

t in Fig. 5.9b). However, the deviation of
Wt is relatively big. In order to address this issue, a penalty of qwt = 3
is used in the second iteration, which shows a significant reduction of the
deviation of Wt. However, Wt does not converge back to zero after the
disturbance. This can also be seen in the Bode plots of Wt with respect
to the input disturbance in Fig. 5.10 that remain at a relatively large value
for low frequencies. Moreover, the optimisation results in a very high gain
kp3 (25 times higher than the initial tuning value in both Cases 1 and 2, see
Fig. 5.11) that could compromise the stability of the full original non-linear
system, since the operation condition is potentially far from the region where
the linearised model is valid. The effects of high gain control can also be
observed in the small overshoots of V dc

t in Fig. 5.9 and in the left Bode plots
in Fig. 5.10, which show that the curves are pushed down aggressively.

As discussed before (Fig. 5.8a), a lower value in R results in a higher control
effort. Therefore, in order to overcome the aforementioned issues, ri2 and ri4
are both reduced to 0.05 (Case 1) and 0.01 (Case 2) to increase the integral
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control effort related to the energy, and rp1 and rp3 are both increased to 50
(Case 1) and 100 (Case 2) to reduce the proportional control effort related to
the DC voltage, aiming for a less aggressive controller. As a result, after this
third iteration of the penalties, the energy reaches its reference value relatively
fast, and kp3 is significantly reduced: 5.6 times higher than the initial tuning
value in Case 1, and 10 times in Case 2, see Fig. 5.11. Accordingly, Fig. 5.9
shows that the DC voltage overshoot has increased, and the right Bode plots
in Fig. 5.10 show that the curves are no longer flat at low frequencies.

While these results have been obtained for a linearisation point correspond-
ing to a DC power flow of 1 p.u. from the slave to the master converter, the
resulting control gains result in similar performance characteristics at other
operating points (e.g. for a power flow of 1 p.u. from the master to the slave
converter).

Based on this challenging case study, it can be observed that:

� The standard tuning rules (based on SISO assumption) used in the
MIMO control structure yield acceptable results for long cables (Fig. 5.9a).
However, they result in poor performance for shorter links (i.e. a more
coupled and stressed system), e.g. resulting in big overshoots in the DC
voltage.

� With the proposed method it is possible to automatically obtain an
optimal tuning which outperforms the initial one – especially for short
cables. Also, the penalties can be tuned in an intuitive way to prioritize
the response of some converter outputs over others, depending on the
desired specifications of voltages and internal energy.

� Surprisingly, the optimal control gains in the proposed MIMO control
structure are negative in some cases (see PI4(s) in Fig. 5.11). While it
may seem counter intuitive from a SISO control point of view, negative
control gains can result in improved performance (rather than insta-
bility) in a MIMO control structure. More specifically, due to the fact
that two different signals participate in each of the control outputs, the
combination of positive and negative control efforts can lead to a better
solution. Nonetheless, if needed, the control gains can be constrained
to positive values in the optimisation routine.
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(a) Case 1: 50 km (b) Case 2: 5 km

Fig. 5.9: Time-domain simulation of the master MMC system – Initial tuning
from Table 5.1, and Iterations 1 to 3 correspond to different penalties
in the H2-norm optimisation.
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Initial tuning

Iteration 1
Iteration 2

Iteration 3

(a) Case 1: 50 km

Initial tuning

Iteration 1
Iteration 2

Iteration 3

(b) Case 2: 5 km

Fig. 5.10: Bode gain plots of the master MMC system – DC voltage and
energy of the master MMC, for the initial tuning and theH2 tuning
(three iterations changing the penalties). Horizontal dashed gray
line corresponds to a 10% error of the corresponding magnitude
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Fig. 5.11: MIMO controller H2 tuning results – Parameters kp and ki of the
initial tuning and the optimal tuning (three iterations changing the
penalties)
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5.7 Conclusion

The effect of the DC cable length is a key aspect in terms of dynamic per-
formance of the MMC in DC voltage control mode under an energy-based
approach. More specifically, the controllability of the system worsens as the
cable length reduces, and the classic control structure does not perform well
or even leads to instability. This control challenge has been addressed via
an optimal tuning method based on the H∞-norm, obtaining an adequate
tuning of the DC voltage and the total energy PI controllers under the cross
and weighted control structures. On the other hand, the internal capacitance
value has a much smaller range of variation due to design reasons (modula-
tion and internal energy), and therefore it does not entail a big challenge in
terms of controllability.

Furthermore, a MIMO controller that generalises the weighted structure
has been presented. Rather than explicitly tuning the eight control parame-
ters of this controller, which would be complex and non-intuitive, a systematic
model-based tuning methodology, based on the H2-norm, is proposed. This
method allows for an intuitive tuning of the controls through penalty factors
on performance outputs. An improvement of the overall dynamic perfor-
mance of the MMC has been obtained, especially in low DC inertia scenarios
arising from short and very short HVDC links, in which guidelines for manual
control tuning break down. Moreover, as the proposed methodology allows
the penalisation of the disturbance response of different performance out-
puts, as well as the control efforts, it results in a flexible tuning method. In
particular, different control objectives such as tight DC voltage regulation,
minimisation of internal energy deviations, and the efficient use of control en-
ergy can be intuitively combined and different trade-offs are easily established
by changing the penalties. This approach resulted in reducing the overshoot
of the DC voltage in critically short cable cases, and to iteratively improve
the tuning of the integral control action of the controller to ensure that the
internal energy reaches the desired steady-state (i.e. zero error) sufficiently
fast.
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Chapter 6

The MMC in grid-forming operation

This chapter is based on the following publication:

[J3] E. Sánchez-Sánchez, E. Prieto-Araujo and O. Gomis-Bellmunt, “The Role of the Internal

Energy in MMCs Operating in Grid-Forming Mode”, IEEE Journal of Emerging and Selected

Topics in Power Electronics, vol. 8, no. 2, pp. 949-962, June 2020.

6.1 Introduction

In the upcoming future of power systems, as mentioned in Chapter 1, conven-
tional synchronous generation will experience a progressive reduction, to the
benefit of renewable energy generation, such as wind and solar, in order to
meet the environmental goals planned for the future [99]. This implies that
new power electronics converters will be installed in order to integrate these
renewable resources into the system, to the detriment of the large mechanical
rotating machines from classic thermal power plants. With such a reduction
of rotating mass, some of the aforementioned converters will be responsible
of handling the stability and the robustness of the power system by operating
in grid-forming mode.

Grid-forming mode is a well-known concept, and several studies for mi-
crogrids [100–104] and power system applications [105–107] have been ad-
dressed in the literature in the recent years. The two main grid-forming
approaches are the Virtual Synchronous Machine (VSM) approach [101] and
the frequency-droop approach [108]. In fact, it is shown in [109] that both
control approaches are essentially equivalent. Most of these studies deal with
2L-VSCs, focusing on the AC side, whereas only a handful of references are
found with respect to grid-forming mode for power system applications us-
ing MMCs, as summarised next. Two different controllers in VSC-HVDC
interconnectors operating in parallel are compared in [110], and an enhanced
control for an offshore wind farm station is discussed in [111]. Despite using
MMC models in both articles, they focus on the AC voltage and frequency
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Chapter 6 The MMC in grid-forming operation

control, with no discussion about the internal energy control. In [112], a
dynamic protection integrated model predictive control concept is developed
and applied to the MMC for grid restoration purposes, focusing on avoid-
ing MMC overcurrents. An AC fault analysis of an islanded grid including
MMCs operating in grid-forming mode is presented in [113], also focusing
on the AC side control structure. In this case, instead of using an energy-
based approach, a circulating current suppressing control (CCSC) scheme is
used, meaning that the energy is not explicitly controlled. In [114], a classic
grid-forming control scheme together with a full energy-based control is im-
plemented in an MMC and successfully tested in laboratory, discussing the
implications of having a storage system on the DC side or inside the MMC
submodules. Furthermore, the VSM concept has been recently extrapolated
and implemented in the MMC [115,116].

The buffering capabilities that the MMC offers due to its topology, i.e.
due to the internal energy stored in its submodules capacitors, has been a
subject of interest within the scientific community over the last years. First
of all, the modulation strategy plays a relevant role in the effectiveness of
this feature, which in general can be implemented in two ways, namely UCM
and CM as explained in Chaper 2. As an example, regarding grid-following
MMCs operating in PQ mode, in [46] it is shown how the approach from [51]
(UCM) fails to withstand an unbalanced voltage sag, distorting the DC side.
Results are notably improved in the case of [49] (CM), and further improved
when inner circulating current control loops are included [46].

Regarding unbalanced operation, a control approach aiming to reduce DC
side power oscillations is presented in [117], filtering the 100 Hz component
out of the zero-sequence additive current, showing the firewall capability of
the MMC. A more elaborated approach from the same authors deals with op-
timal circulating currents reference calculation directly in the abc frame [118],
that effectively decouples the AC grid conditions from the DC bus, not only
in steady-state but also in transient unbalanced conditions in a grid-following
MMC, improving and extending results from [53].

Other works deal with control aspects of grid-following MMCs operating in
DC voltage control mode. In that case, with a disturbance in the DC grid, a
different transient performance on the DC and AC sides is achieved depending
on the control structure adopted. A virtual capacitor strategy is proposed
in [119], which is able to boost the effective capacitance of the DC side and
improve the DC dynamics. In Chapter 3, it was shown that interchanging
the AC and DC current control references in an MMC controlling the DC
voltage allowed for decoupling the AC and DC sides, avoiding interactions.
It can be noted that in terms of the MMC physical limitations, the control
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design criteria for grid-forming and grid-following converters can be similar,
as these objectives would typically focus in reducing overshoots, avoiding
undesired oscillations and obtaining a specific settling time. The fundamental
difference, however, is that in grid-following mode the AC power is a control
input, whereas in grid-forming mode it is a physical disturbance.

In this context, there is gap in the literature in terms of analysing poten-
tial capabilities that the MMC offers in grid-forming mode, for instance in
offshore AC wind farms or passive islanded systems. This chapter aims to
analyse and provide a comprehensive discussion about the features of this
buffering capability in such scenarios. The AC side grid-forming control used
in the present work is equivalent to the classic frequency droop used in 2L-
VSCs, and the comparison or proposal of new grid-forming controls is not
the matter of the present study. However, the extra degree of freedom due to
the total internal energy of the MMC can play a relevant role in the dynamic
performance of the system. The contribution of this chapter is to analyse
different energy control structures, highlighting their differences in transient
conditions, and providing control design guidelines to obtain the desired per-
formance. Different case scenarios with one and multiple grid-forming con-
verters are simulated in order to validate the analysis and to highlight the
superiority of some of the structures.

6.2 System description

The present study deals with MMCs operating in grid-forming mode. The
converter is connected to an HVDC network on the DC side, which provides
a stable DC voltage, typically controlled by one or more converters of the
HVDC network. On the AC side, the converter controls the amplitude, fre-
quency and angle of the voltage at the point of connection, acting as a slack
bus. A list of examples where grid-forming converters can be used in power
transmission applications are described below.

� Offshore AC wind farm clusters, where one or more converters impose
the AC grid voltage to export the power generated in the offshore wind
farm to the mainland grid using HVDC (Fig. 6.1a).

� Passive islanded systems, i.e. islands where the main part or all of the
generation needs to be imported from outside, e.g. through one or more
HVDC links (Fig. 6.1b).

� Weak grids, i.e. grids with a low short-circuit ratio that need one or
more grid-forming converters to stabilise the grid, or to make it robust.
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VSC-HVDC

 
Mainland
 AC grid 

VSC-HVDC
 

Offshore
wind farm

 
GF 1

 
GF 2

(a) Offshore wind power plant connected to land via HVDC

 
Island

AC grid
VSC-HVDC

 
Mainland
 AC grid 

VSC-HVDC

GF 1

GF 2

(b) Islanded system connected to main land grid via HVDC

Fig. 6.1: Examples of applications of grid-forming MMCs

In the case of islanded systems, if there is enough synchronous generation,
the converter/s that import or export power (GF 1 and GF 2, Fig. 6.1) do not
necessarily have to operate in grid-forming mode, and might operate in grid-
following mode instead if the AC grid is strong enough. Equivalently, this can
be also the case of weak grids. In those cases, the converter can optionally
operate in grid-forming mode to support the existing AC grid. However, in
other cases such as offshore AC wind farms (Fig. 6.1a) and islanded systems
with no synchronous generation (Fig. 6.1b), it is in general necessary that
one or more converters operate in grid-forming mode, as there is no AC
grid available. As compared to grid-following, grid-forming mode allows the
converter to remain in operation after a large or full trip on the AC side,
and it can also provide black-start capability. It has to be noted that the AC
power acts as a disturbance to the system, instead of as a control input.

134



6.3 MMC grid-forming control

6.3 MMC grid-forming control

A classic grid-forming control for VSCs consists of an outer AC voltage vec-
tor control plus an inner AC current vector control (u − is), both using PI
controllers in qd0 frame. Also, instead of using a PLL, the angle is generated
internally with the desired frequency. Typically, a frequency droop using the
active power measurement (see Fig. 2.5b from Chapter 2) is adopted in order
to achieve active power sharing in a multiple converter setup. In addition, an
optional AC voltage reference droop using the reactive power might be also
included, which can be useful to achieve reactive power sharing [106]. In case
the droop constant ku is set to 0, the voltage reference is always constant.
This scheme is identical for both 2L-VSCs and MMC-VSCs [113]. Recalling
Fig. 2.3, this corresponds to the outer control mode 3, depicted in Fig. 6.2.

It is important to note that typically the output AC filter of an MMC
does not include a capacitor, as the modulated voltage sine waves do not
require as much filtering as in the 2L-VSC case. Instead, only a coupling RL
filter (typically representing a transformer) is present. Therefore, the effective
AC capacitance depends on the topology of the AC grid that the MMC is
connected to. This implies that the current ig (optionally used as a feed-
forward signal on the AC voltage control in 2L-VSCs) cannot be measured
in MMC cases where there is no physical capacitor connected at the grid side
of the transformer.
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Fig. 6.2: Frequency-droop grid-forming control
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6.4 Total energy control structures

In 2L-VSCs, the AC and DC powers are fully coupled, meaning that any
disturbance on the AC side will propagate to the DC side, and vice versa. In
MMCs, on the contrary, the internal total energy dynamics will have a deter-
mining impact on how the AC/DC interaction and disturbance propagation
occurs, offering a buffering capability that can be used as desired, depending
on the specifications of the converter and its application. When an AC power
disturbance occurs, a portion of that power will charge or discharge the MMC
internal arm capacitors, and another portion will flow to or from the DC side
(Fig. 6.3). The way this power is transiently distributed will depend on what
control structure is used and how the tunable control parameters are set.

Pac Pdc

Stored 
Energy

Wt
Wt

* Energy
reference

MMCAC side DC side

Fig. 6.3: Conceptual representation of how an AC disturbance is partly ab-
sorbed by the MMC and partly sent to the DC side

As compared to an MMC controlling the DC voltage, where several control
structure combinations might be reasonable (Chapter 3), the structure of the
grid-forming MMC control appears to be more evident. On one hand, the
classic frequency droop control including a cascaded AC voltage and current
vector control used in 2L-VSCs is directly applicable to the MMC, without
any difference. On the other hand, it seems to be obvious that the energy
controller has to be, therefore, cascaded with the inner additive current, which
is the other part of the MMC control. Nevertheless, there are still different
alternatives in terms of how to implement the energy control, that will affect
the internal MMC and the DC dynamics in different ways.

In order to analyse this mechanism in a comprehensive way, the following
assumptions are recalled:

� The DC voltage is constant.

� The zero component circulating current closed loop (i.e. DC compo-
nent) is simplified to a first-order transfer function with time constant
τsum (faster than the outer loops).

� The AC power is a disturbance of the system.

136



6.4 Total energy control structures

The dynamics of the DC power and the MMC internal total energy are
defined, respectively, in the Laplace domain as

Pdc(s) = VdcIdc(s) = Vdc

(
3
I0dc*

sum (s)

τsums+ 1

)
=

P ∗dc(s)

τsums+ 1
(6.1)

sWt(s) = Pdc(s)− Pac(s) =
P ∗dc(s)

τsums+ 1
− Pac(s) (6.2)

Both (6.1) and (6.2) depend on the expression of P ∗dc(s), which depends on
the control structure adopted, as will be seen next. Also, and for compactness
purposes, the control action of the total energy PI controller is defined as

Gc(s) = kp(W
∗
t (s)−Wt(s)) +

ki
s

(W ∗t (s)−Wt(s)) (6.3)

6.4.1 Coupled control approach

A total energy controller with a feed-forward of the active power is a typical
structure used in MMCs operating in PQ mode [46, 55, 72, 121], and also in
DC voltage control mode [122]. Hereinafter, this structure will be referred to
as coupled energy control. This structure is somehow a logical extrapolation
from the 2L-VSC control, where the AC and DC powers are instantly bal-
anced, as they are physically linked. In the MMC case, using the AC power
measurement as a feed-forward signal forces a coupling between both sides.
Therefore, it is expected that the dynamics of the MMC under this control
scheme will be remarkably similar than those of the 2L-VSC. As will be seen
next, the flexibility that this structure offers is quite limited. From (6.4) it is
observed that Pdc(s) will react fast to the disturbance Pac(s). The only lim-
itation to propagate the disturbance to the DC side depends on τsum, which
is relatively small, i.e. the transient is fast. Then, as seen in the first term
of the right-hand side of (6.5), the energy is not highly disturbed by Pac(s),
as its coefficient is close to zero. The resulting small deviation of the energy,
therefore, will be compensated by the PI controller, which will have a small
effect in Pdc(s).

Pdc(s) =
Pac(s)

τsums+ 1
+

Gc(s)

τsums+ 1
(6.4)

sWt(s) =

(
Pac(s)

τsums+ 1
− Pac(s)

)
+

Gc(s)

τsums+ 1
(6.5)
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Fig. 6.4: Coupled energy control approach

6.4.2 Power-filtered control approach

Keeping the previous control structure, a low-pass filter (LPF, time constant
τg2) applied to Pac(s) is proposed. The delay caused by this filter will force
the internal energy of the MMC to smoothly increase, thus acting as a buffer
between the AC and the DC sides. This structure will be referred to as power-
filtered energy control. This structure offers extra flexibility as compared to
the previous one, thanks to the LPF. In this case, from (6.6) it can be seen
that Pdc(s) dynamics will depend on the time constant of the filter τg2 and the
DC gain kg2. With a small τg2, the dynamics will be similar to the coupled
case. On the contrary, a high τg2 would lead to a slower propagation of the
disturbance to the DC side, and therefore to an increase of the internal energy.
Gain kg2 will be set to 1 from now on, although this value is potentially
tunable.

Pdc(s) =
kg2Pac(s)

(τsums+ 1)(τg2s+ 1)
+

Gc(s)

τsums+ 1
(6.6)

sWt(s) =

(
kg2Pac(s)

(τsums+ 1)(τg2s+ 1)
− Pac(s)

)
+

Gc(s)

τsums+ 1
(6.7)
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Fig. 6.5: Power-filtered energy control approach
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6.4.3 Decoupled control approach

As reported in other studies [56,76], the energy controller may not include a
power feed-forward. In that case, the control effort completely relies on the
PI energy controller. In other words, the resulting dynamics of the internal
energy and the DC side will completely depend on the PI controller parame-
ters. The more aggressive the controller, the less the energy deviation after a
disturbance, and the higher the coupling between the AC and the DC sides.
This structure will be referred to as decoupled energy control. Then, as in
the coupled case, the only tunable part is the PI controller. From (6.8) it is
observed that Pdc(s) does not depend on Pac(s). Then, the only propagation
mechanism relies on the internal energy, i.e. on the PI controller. Looking
at (6.9) it is also noticeable that the energy is directly affected by Pac(s).
Then, it is the job of the PI controller to reject the disturbance, and the
resulting Pdc(s) dynamics will depend on that.

Pdc(s) =
Gc(s)

τsums+ 1
(6.8)

sWt(s) = −Pac(s) +
Gc(s)

τsums+ 1
(6.9)

+
Wt

*

Wt

-isum
0dc* Pdc

*

Vt
dc

1
3

+

PI

Fig. 6.6: Decoupled energy control approach

6.4.4 Dynamic energy reference control approach

Based on the previous control strategies, the modification of the energy refer-
ence signal (W ∗t ) is proposed and explored as a new alternative. The energy
reference will no longer be a constant value but will be changed dynamically,
depending on the AC and DC transient power imbalance. Therefore, when
there is a power injection from the AC side to the MMC that increases the
energy, the energy reference will be decreased automatically. On the contrary,
in case of a load connection that decreases the internal energy, the control
will increase the energy reference. The energy-to-power ratio Hc is defined
in (3.10), and the parameter kg4 adjusts the rate of change of the energy.
This structure will be referred to as dynamic energy reference control. This
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structure also offers more flexibility as the power-filtered case, with an extra
tunable parameter. The corresponding Pdc and Wt equations are shown in
(6.10)-(6.11). In this case, the expressions are more complex, being difficult
to make an analytical judgement. Instead, different practical cases will be
shown along the next sections.

Pdc(s) =
kpHckgs+ kiHckg

τsums2 + (kpHckg + 1)s+ kiHckg
Pac(s)

+
s

τsums2 + (kpHckg + 1)s+ kiHckg
Gc(s) (6.10)

sWt(s) =

(
1− kpHckg4s+ kiHckg4

τsums2 + (kpHckg4 + 1)s+ kiHckg4

)
Pac(s)

− s

τsums2 + (kpHckg4 + 1)s+ kiHckg4
Gc(s) (6.11)

+
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Wt

-PI

+
-Pdc
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+
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dc
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+
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Fig. 6.7: Dynamic energy reference control approach

6.4.5 Summary of the control structures

A simple model based on (6.1)-(6.11) is used to show the transient effect of the
AC power disturbance in the DC power and the internal energy of the MMC,
summarising the previous energy control structures (Fig. 6.8). The initial
control parameters are shown in Table 6.1. The AC power positive direction
corresponds to the grid-forming supplying a load. It is shown that the coupled
approach rapidly propagates the disturbance to the DC side, as fast as the
circulating current control allows for. In the other approaches, the energy
fluctuation is much more evident. As an initial example, the parameters τg2
and kg4 are changed to show the flexibility that these structures offer. It is
noticed that the power-filtered structure is a generic approach that contains
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the coupled and the decoupled structures as particular cases (corresponding,
respectively, to τg2 = 0 and τg2 =∞). In Section 6.5, the dynamic behaviour
and capabilities of each structure will be further explored.

Table 6.1: Control parameters related to the energy

Parameter Symbol Value Units

Total energy, proportional kp 126 W/J
Total energy, integral ki 3948 W/(Js)
LPF time constant (pow.-filt.) τg2 50 ms
LPF DC gain (dyn. ref.) kg4 0.05 -
MMC energy-to-power ratio Hc 49.2 ms

(a) Coupled

g2

g2

�

�

(b) Power-filtered

(c) Decoupled

g4k

g4k

(d) Dynamic W ∗
t

Fig. 6.8: Time-domain plots under a Pac 1 p.u. load step disturbance – Pre-
liminary simplified model (6.1)-(6.11)
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6.5 Case study

After presenting the different control structures, a comprehensive analysis
evaluating the advantages and drawbacks of each one is addressed in this
section using case studies. First of all, an initial case of a single grid-forming
MMC is used, for the sake of simplicity in the analysis. Time-domain simula-
tions are carried out using the full non-linear model, consisting of an Average
Arm Model (AAM) for the MMC, using the full control scheme from Fig. 2.3,
with saturations in the current references and in the modulation indexes.

Then, an eigenvalue analysis using the complete linear model is performed
in order to identify potential instabilities related to the proposed energy con-
trol structures. After, a straightforward tuning method is presented that
allows for a simple way to empirically establish a trade-off between the MMC
magnitudes performance (i.e. energy and DC power). Following up on the re-
sults obtained, an optimal tuning methodology is used, in order to unveil the
full dynamic capabilities of each structure, tuning all the control parameters
at once. Finally, a case scenario considering two grid-forming MMCs oper-
ating in parallel is considered, showing the results of the suggested control
schemes in a bigger and more realistic scenario.

6.5.1 Scenario configuration

In the present study, the frequency droop scheme, which is necessary to
achieve active power sharing in a multiple grid-forming setup, is also imple-
mented in the case of a single grid-forming MMC for verification purposes.
On the other hand, voltage droop scheme, which is optionally included in
some cases for reactive power sharing purposes, is not included for simplicity.
System and control parameters related to the AC side are shown in Tables 6.2
and 6.3. Note that τcc and τsum are used to calculate the current controllers
PI parameters (3.2)-(3.3). The MMC parameters can be found in Table 3.1.
The AC side grid-forming control structure and its parameters are adopted
from previous studies, and it is not within the scope of this chapter to address
that part of the control system.

A constant DC voltage source is used to model the DC side of the MMC,
assuming that the HVDC grid is robust and stable. The constant PQ node
consists of controllable current sources, as mentioned before, including a PLL
that tracks the angle in order to inject the corresponding qd current compo-
nents. These assumptions, which simplify the models and the analysis, do
not compromise the validity of the results, as they do not have a relevant
impact in the energy dynamics and the disturbance propagation from the
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AC to the DC side.

Table 6.2: AC grid parameters [106]

Parameter Symbol Value Units

AC cable resistance rc 0.032 Ω/km
AC cable inductance lc 0.4 mH/km
AC cable capacitance cc 0.17 µF/km
Cable length d 25 km

Table 6.3: Control parameters related to the AC side

Parameter Symbol Value Units

AC voltage, proportional kp−u 0.025 A/V
AC voltage, integral ki−u 1 A/(Vs)
Frequency droop kf 10−9 rad/W
Voltage droop ku 0 -
Time constant freq. droop filter τf 40 ms
Time constant AC current control τcc 1 ms
Time constant DC current control τsum 1 ms

6.5.2 Single grid-forming MMC

A single grid-forming MMC is considered as an initial case scenario, which is
depicted in Fig. 6.9. The parameters related to the energy control loop are
summarized in Table 6.1. The energy PI controller parameters are selected
for a settling time of around 100 ms, based on the decoupled structure, as
will be further detailed later on.

HVDC Generation
or load

MMC 1

Underground
HVAC cable

Fig. 6.9: Initial case study consisting of one grid-forming MMC and a PQ
node connected through an AC cable

In order to highlight the particular capabilities of grid-forming as compared
to grid-following, the converter is simulated as follows. Initially, a ramping
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up of the AC voltage (black-start) is performed at t = 0.2 s. Then, the PQ
node progressively injects active power to the AC grid at t = 0.4 s, until it
reaches 0.5 p.u. (operating point). A 0.25 p.u. step of generated AC active
power is performed at t = 1 s (disturbance), reaching an operating point
of 0.75 p.u., which corresponds to approximately 1 p.u. of apparent power.
Finally, a sudden disconnection of the PQ node occurs at t = 1.3 s (large
disturbance). Note that the black-start of the voltage and the continuous
operation of the converter after a full disconnection on the AC side are not
possible in grid-following converters, as they rely on a stable AC grid.

An initial dynamic performance comparison among the different proposed
structures, including the case of an equivalent 2L-VSC for completeness, is
shown in Fig. 6.10. On one hand, it can be seen that all the AC side magni-
tudes are unaffected by the MMC control structure used. In the 2L-VSC case,
some similarities are observed in terms of the fundamental oscillation com-
ponent, although some extra oscillatory components as compared to MMC
are shown. On the other hand, regarding the DC magnitudes and the energy,
clear dynamic differences can be observed, as discussed next.

In the coupled case, DC current and power responses are similar to the
2L-VSC, due to the coupling created by the feed-forward signal. When a
low-pass filter is applied to that signal (power-filtered approach), the cou-
pling is reduced, and it is further diminished by eliminating the feed-forward,
which corresponds to the decoupled approach. Regarding the dynamic en-
ergy reference scheme, the internal energy overshoot is partly compensated,
due to the energy reference set point modification during the disturbance.
After this initial evaluation, the stability and the performance capabilities of
the different structures will be explored in the next subsections.

6.5.3 Linear model remarks

A linearised small-signal model of the previous system with one grid-forming
MMC is derived to enable linear analysis and linear control design. Although
most of the elements of the system are already described in Chapter 2, some
remarks are necessary regarding the constant power node at one end of the
AC line.

The constant power node exchanges active and/or reactive power through
controllable current sources. On one hand, this can correspond to the offshore
wind farm from Fig. 6.1a (power flowing towards the grid-forming MMC),
which typically uses power electronics converters synchronized with the off-
shore AC grid through Phase-Locked Loops (PLL). On the other hand, a
scenario such as an islanded system (Fig. 6.1b) would typically involve differ-
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ent types of loads (constant current, constant impedance and constant power
loads), making its dynamic model more complex. However, for convenience
in the analysis, the case of a constant power node representing a power elec-
tronics interface with a PLL will be considered as well in this second case for
simplicity purposes.

Instead of modelling a detailed converter, the power references ∆P ∗l (s)
and ∆Q∗l (s) are filtered using first-order transfer functions that emulate the
AC power closed-loop response of the converter, with a time constant of τp.
A PLL (Fig. 2.5a) tracks the voltage angle by means of controlling its d
component to zero. Then, according to instantaneous power theory [120],
the qd components of the current are calculated as (6.12)-(6.13). An extra
first-order filter (time constant of τc) is included, representing the dynamics
of the current loops (τc is typically around 10 times lower than τp).

∆iql (s) =
2

3

(
1

uqg0

∆P ∗l (s)

τps+ 1
− Pl0

uqg0
2 ∆uqg(s)

)
1

τcs+ 1
(6.12)

∆idl (s) =
2

3

(
1

uqg0

∆Q∗l (s)

τps+ 1
− Ql0

uqg0
2 ∆uqg(s)

)
1

τcs+ 1
(6.13)

In order to integrate the different elements into the linear model, a com-
mon qd reference frame has to be established. In this case, the reference angle
will be the one generated by the grid-forming MMC. The PLL is modelled
as a closed-loop with a PI controller that regulates the d component of the
measured voltage to zero, as mentioned before. The output of the PI, i.e.
the PLL frequency ∆ωpll, minus the reference frequency ∆ω1 is integrated
to obtain ∆Θ, which is the angle difference between the PQ node and the
grid-forming MMC angles. This ∆Θ is necessary to transform any qd magni-
tude from one reference to another. In this case, PQ node magnitudes (qdc)
are transformed to the common reference (qd) using (2.34), and vice-versa
using (2.35) (see Chapter 2).

A block diagram of the overall linear model, including the control loops
and the remaining elements of the system (already covered in Chapter 2) is
shown in Fig. 6.11.
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Chapter 6 The MMC in grid-forming operation

6.5.4 Identification of potential instabilities related to the
proposed energy control structures

For a given initial tuning of the energy PI controller, the power-filtered and
dynamic energy reference structures offer extra tunable parameters. An
eigenvalue analysis of the linear model (Fig. 6.11) using these two approaches
is performed in Figs. 6.12 and 6.13, varying these tunable parameters in or-
der to identify potential instabilities: the time constant of the filter (τg2) in
the power-filtered approach, and the DC gain (kg4) in the dynamic energy
reference approach. Note that an extra DC gain in the power-filtered ap-
proach would affect the transient response but not the state matrix (i.e. the
eigenvalues of the system).

Regarding the power-filtered approach, it is observed that τg2 does not
cause instability (Fig. 6.12). One real pole approaches the vertical axis when
τg2 is increased (a very large value corresponds to the decoupled control
approach), but the real part never reaches positive values. On the contrary,
when τg2 is reduced (zero value corresponds to the coupled control approach)
this pole moves away from the vertical axis.

Fig. 6.12: Eigenvalues of the single grid-forming system using the power-
filtered approach – Effect of τg2

With respect to the dynamic energy reference approach, the effect of kg4 is
shown in Fig. 6.13. A potential instability is detected when this gain is lower
than -0.15 (Fig. 6.13b). If kg4 is positive and not extremely large, it does not
compromise the stability (Fig. 6.13b). However, it will affect the transient
performance, as will be explored next.
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(a) Negative values (b) Positive values

Fig. 6.13: Eigenvalues of the single grid-forming system using the dynamic
energy reference approach – Effect of kg4

6.5.5 Empirical tuning

One of the advantages of the power-filtered and dynamic energy reference
structures is that, for a given PI controller, they allow to intuitively tune the
control system through a single parameter: τg2 and kg4, respectively. This
offers some flexibility in terms of establishing a trade-off between the DC
power and the energy dynamics.

First, an initial tuning of the energy PI controller has to be established.
An initial approximation of the tuning based on reference tracking criteria
is adopted, which results in a straightforward approach assuming that the
system plant is a single MMC internal equivalent capacitor, which is an ac-
ceptable assumption if this controller is several times slower than the inner
circulating current controller. The decoupled structure is assumed in this
case, and the tuning obtained will be used for all the structures. The closed-
loop transfer function of this simplified system is

Wt(s)

W ∗t (s)
=

kps+ ki
s2 + kps+ ki

(6.14)

and kp and ki can be defined based on a desired second-order time-domain
response, as

kp = 2ξωn, ki = ω2
n, (6.15)

with ξ = 1 and ωn = 2π(1/0.1), to achieve a settling time of around 100 ms
(much slower than the current loop) with a critically damped response (i.e.
no overshoot). This controller would be typically designed for disturbance
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Chapter 6 The MMC in grid-forming operation

rejection capability. However, an approximate reference tracking criteria has
been used instead, that actually resulted in an acceptable disturbance rejec-
tion capability as seen in the next plots. The reason for using this tuning
is that this is a straightforward way of calculating the controller parameters
analytically, whereas for disturbance rejection it is slightly more complex.
For simplicity, and because later on an optimal tuning with specific require-
ments will be explicitly designed, the aforementioned tuning is considered to
be sufficient to illustrate the flexibility of the control structures in this sec-
tion. In Fig. 6.14 it is shown how the power-filtered structure offers a whole
range of possibilities through the time constant τg2, with the coupled and
the decoupled structures as extreme cases (i.e. τg2 = 0 and τg2 =∞, respec-
tively). A trade-off solution between the energy deviation and the DC power
smoothness can be selected. The higher energy deviation corresponds to the
decoupled structure, whereas the sharpest DC power waveform corresponds
to the coupled. Note, however, that for intermediate solutions the DC power
overshoot also increases, which might be undesirable.

(a) Pdc(s) response (b) Wt(s) response

Fig. 6.14: Time-domain simulation of the single grid-forming system using the
power-filtered structure – AC power step disturbance, τg2 sweep

In Fig. 6.15, the gain kg4 is swept. It can be seen that increasing kg4
reduces the energy deviation but a high frequency oscillation appears in the
DC power. In this case, kg4 = 0.25 seems to offer a good trade-off between
both specifications.
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(a) Pdc(s) response (b) Wt(s) response

Fig. 6.15: Time-domain simulation of the single grid-forming system using
the textitdynamic energy reference structure – AC power step dis-
turbance, kg4 sweep

6.5.6 Optimal tuning

As seen in the previous subsection, the different trade-offs that can be empir-
ically established suggest carrying out an optimal tuning, in order to achieve
a specific dynamic requirements or, furthermore, the best possible dynamic
response using the different energy control structures. The control system
parameters that are potentially tunable are:

� kp: proportional part of the total energy PI.

� ki: integral part of the total energy PI.

� τg: time-constant of the low-pass filter (LPF) (only in power-filtered
scheme).

� kg: DC gain of the low-pass filter (only in dynamic energy reference
scheme (note that the optimizer might also add a gain in the power-
filtered case.).

To understand the potential capabilities of each presented control struc-
ture, in this subsection the tunable parameters of the control system will be
tuned using optimization tools. The control objectives are specified as fol-
lows. First of all, a step disturbance of 1 p.u. of AC power from the PQ node
(Fig. 6.9) is considered, so that the system is robust under the worst-case
scenario of a sudden disconnection of the generation or the load. Then, the
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Chapter 6 The MMC in grid-forming operation

transfer functions (6.16) are defined (Pg is the active power at the PQ node,
and eWt stands for the error between the total energy reference W ∗t and the
total energy Wt, i.e. the energy deviation), which are computed using the
complete linear model (Fig. 6.11) and their expressions are not shown for
space reasons.

G1(s) =
Pdc(s)

Pg(s)
, G2(s) =

eWt(s)

Pg(s)
(6.16)

Then, the ideal control objectives are defined as follows:

1. DC power (Pdc): a smooth response after a step disturbance, i.e. 0%
overshoot and mitigation of high frequency oscillations. The corre-
sponding gain limit is imposed in the frequency-domain for G1(s), with
filtering capability at high frequencies.

2. Internal MMC energy (Wt): a maximum overshoot of 10% and relatively
fast recovery time. The corresponding gain limit is imposed for G2(s) in
the frequency-domain, reducing the gain for low frequencies to achieve
integral action (zero error) in the desired settling time.

These specifications prioritize the DC power over the internal energy, in
order to use the MMC as a firewall between the AC and the DC sides. Us-
ing robust control techniques for a fixed structure controller, the previous
objectives can be specified as constraints for an optimization problem that
aims to achieve those objectives [123]. In this case, the algorithm is based on
the H∞-norm as described in [92]. Starting with a stable initial tuning, the
optimizer iterates on the different tunable parameters and aims to satisfy the
previous constraints. In order to understand the limits in terms of DC power
and energy, three optimal cases corresponding to three different settling times
for the energy are analysed. In Figs. 6.16 and 6.17, the results obtained are
shown and compared with the initial tuning. Note that these plots are based
on the linear model from Fig. 6.11. The initial and the optimized tuning
values are summarised in Table 6.4.

First of all, it is shown that the coupled structure is not capable of can-
celling the feed-forward effect, and therefore it is not possible to obtain a
feasible optimal tuning. This highlights the fact that this structure is not
suited to properly enhance the degree of freedom offered by the energy of the
MMC. It is shown in Fig. 6.16c that the optimizer is incapable of pushing
the Bode plot below the limit. The energy deviation that this structure of-
fers is very low, as the AC power feed-forward mostly bypasses the buffering
capability of the MMC.
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6.5 Case study

Table 6.4: Initial and optimal tuning parameters

Initial Opt. 1 Opt. 2 Opt. 3 Units

Coupled
kp 126 1854 1854 1854 W/J
ki 3948 17 126 4 W/(Js)

Power-filtered

kp 126 187 224 180 W/J
ki 3948 1708 8434 344 W/(Js)
τg2 10 0.07 0.07 0.07 ms
kg2 1 0.143 0.165 0.137 -

Decoupled
kp 126 219 252 211 W/J
ki 3948 1997 14186 400 W/(Js)

Dynamic W ∗t

kp 126 219 252 211 W/J
ki 3948 1998 14215 400 W/(Js)
kg4 0.1 0.0003 0.0005 0.0003 -

Regarding the other control alternatives, it is noticeable that despite all of
them show different dynamics using the initial tuning, the optimal solution
tends to be equivalent for the three options. This reveals that, at least for
the sort of transient requirements specified, neither the power-filtered nor
the dynamic energy reference structures offer a clear advantage when an op-
timal tuning is computed, meaning that a single PI controller (i.e. decoupled
structure) can be seen as the simplest solution to obtain the best possible
dynamic response. To better understand and support this statement, the
optimal tuning has been performed under three different constraints, namely
Opt. 1, Opt. 2 and Opt. 3. In each case, the constraint related to the settling
time of the energy (i.e. the cut-off frequency in Figs. 6.16d,h and 6.17d,h) is
changed. It can be seen that the optimizer tends to push the Bode plots to
the limits in most cases. This unveils that the reduction of the DC power
overshoot comes at the expense of a longer settling time of the internal en-
ergy. Going to the limit, an overshoot of 0% corresponds to an infinite settling
time, i.e. droop control of the internal energy. A DC power overshoot be-
tween 3−20% (Figs. 6.16e and 6.16a,d) and an energy settling time of 0.15-1
seconds (Figs. 6.16f and 6.16b,f) are obtained in the different optimal cases.

This highlights that neither the power-filtered nor the dynamic energy
reference structures are able to overcome this limitation with their extra
parameters nor to outperform the decoupled alternative, concluding that a
single PI controller is sufficient. On one hand, in the power-filtered approach,
the gain kg2 is small in the three cases, and the time constant τg2 is also very
small (0.07 ms in all cases), meaning that the filter has almost no effect.
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Chapter 6 The MMC in grid-forming operation

On the other hand, in the dynamic energy reference approach, the gain kg4
tends to be almost zero, and the PI parameters are very similar to those of
the decoupled structure, meaning that, with an optimal tuning with such
requirements, this structure is practically the same as the decoupled one (see
Table 6.4).

6.5.7 Multiple grid-forming MMCs

In more realistic power system applications, more than one converter might
be required to operate in grid-forming mode. Then, the AC side control
must ensure that the active and reactive power flows are properly shared,
which is classically carried out through frequency and voltage droop strate-
gies (Fig. 2.3). A case scenario with two grid-forming MMCs (Fig. 6.18) is
presented in this final subsection for completeness, where each MMC is using
a different energy control structure. This case study represents an offshore
wind farm cluster with grid-forming converters exporting power to onshore
through two HVDC links.

HVDC Generation
or load

MMC 1

HVDC

MMC 2

Underground
HVAC cables

Fig. 6.18: Case study consisting of two grid-forming MMCs and a PQ node
connected through AC cables

The system initial operating point is set to 1 p.u. of AC power flowing
from the AC side to the converters (each converter is absorbing 0.5 p.u.
thanks to the frequency droop control equal power sharing feature). A step
of generation coming from the PQ node to the grid-forming MMCs of 0.5
p.u. is performed at t = 2.5 s, and a full disconnection of the wind farm is
performed at t = 5 s. The coupled structure with the initial tuning is used for
the first MMC, whereas for the second MMC the power-filtered, decoupled
and dynamic energy reference structures using the optimal tuning (Opt. 2)
are implemented and compared (Fig. 6.19).
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Despite the same AC powers being seen in both MMCs, the performance in
terms of DC power and internal energy of each MMC is independent from each
other, and it completely depends on the energy control structure used. In the
case of the coupled approach (MMC 1), even though the DC power shows a
significantly attenuated response with respect to the AC power disturbance,
the response is not smooth and some undesired overshoot is observed, spe-
cially when the line disconnects (Fig. 6.19b). On the other hand, in MMC 2
the disturbance is completely blocked thanks to the capabilities offered by the
power-filtered, decoupled and dynamic energy reference structures under the
optimal tuning, which allows for achieving a smooth DC power with barely
no overshoot and without compromising the internal energy limits. Also, it is
shown that these three structures exhibit practically the same transient char-
acteristics. Some non-linearities are observed in the DC power in Fig. 6.19b,
which may be caused by the current saturation of the AC current control
and the saturation of the modulation indexes during the transient after the
disconnection of the line. Nevertheless, there is no noticeable overshoot in
the DC power, and the energy deviates only up to around 6%.

Finally, the same setup is tested under the event of a trip of one of the two
converters while feeding a load. In this case, the two grid-forming MMCs are
feeding an AC load of 0.8 p.u. of active power. The power is being shared
equally by both MMCs (i.e. 0.4 p.u. of active power each). At t = 2.0 s, MMC
2 trips, causing a transient and a sudden change of power flow (Fig. 6.20).
MMC 1 is able to effectively supply the whole amount of power, keeping
the system in operation. It has to be noted that for bigger loads (e.g. 1 p.u.
instead of 0.8 p.u.) the current references of MMC 1 reach saturation, causing
a much bigger transient in the voltages and currents of the converter and the
rest of the system. In those cases, a more detailed fault analysis would be
required, considering additional fault ride-through schemes, protecting the
converter from overcurrents and overvoltages.
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Chapter 6 The MMC in grid-forming operation

(a) Increase of generation (0.5 p.u.) (b) Generation disconnection

Fig. 6.19: Time-domain simulation of the multiple grid-forming system – Dy-
namic performance using coupled (MMC 1) and decoupled (MMC
2) control structures after a sudden increase of generation and after
a total disconnection

158



6.5 Case study

Fig. 6.20: Time-domain simulation of the multiple grid-forming system – Dy-
namic performance of MMC 1 (coupled control) after a trip of
MMC 2
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6.6 Conclusion

The buffering feature inherent to the MMC topology can be used to prevent
AC side power disturbances to propagate to the DC side when operating
in grid-forming mode if an adequate control of its internal energy is per-
formed. As HVDC grids are likely to experience a growth in the upcoming
years, this mitigation feature becomes crucial in order to preserve the cor-
rect operation of the whole DC system, transiently isolating sudden power
changes that may occur in the different AC connection points, specially in
the case of large and complex meshed HVDC grids. In this chapter, different
control structures for the energy control of the MMC have been explored.
On one hand, this degree of freedom related to the energy of the MMC can
be effectively exploited with the power-filtered, decoupled and dynamic en-
ergy reference structures. The power-filtered and dynamic energy reference
options allow for an intuitive and straightforward control tuning through a
single parameter. Furthermore, it was demonstrated by optimally tuning
the control parameters with highly restrictive requirements that these three
structures exhibit equivalent transient performance features. On the other
hand, the coupled structure is not recommended, as it does not effectively
mitigate the propagation of AC side disturbances to the DC side, bypassing
to a greater or lesser extent the energy buffer of the MMC. Ultimately, it
can be concluded that the grid-forming MMC under the aforementioned op-
timal tuning exhibits an appropriate dynamic performance under severe AC
power disturbances (i.e. sudden generation increase, sudden disconnection of
the generation, and trip of one MMC while feeding a load), with a small de-
viation of the internal energy and a smooth DC power response with a very
small overshoot.
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Chapter 7

The MMC in DC voltage
droop-controlled MT-HVDC grids

This chapter is based on the following publication:

[S-J8] E. Sánchez-Sánchez, E. Prieto-Araujo, O. Gomis-Bellmunt, and S. Galceran-Arellano, “Sys-

tematic design of optimal controllers for droop-controlled MMCs in MT-HVDC networks”, under

revision in IEEE Transactions on Power Delivery.

7.1 Introduction

With the focus on the expansion and evolution of power systems for more
renewable energy resources integration in the near future, the idea of multi-
terminal (MT) VSC-HVDC grids is becoming more relevant, specially from
the point of view of offshore wind farms [27]. Several projects consisting of
single HVDC links are already in operation, whereas others are planned to
be commissioned soon. This unveils that there is a potential necessity of
interconnecting those systems in the future, and also that new projects will
be directly planned considering a MT-HVDC setup.

Nowadays, there is a handful of MT VSC-HVDC projects in operation. The
world’s first project was built in Nan’ao island in Guangdong, China, and was
commissioned in 2013. The project consisted of a three-terminal grid, and it
was planned in order to safely integrate the high amount of available wind
resources in the island to the onshore grid, which was constrained by the
existing AC lines, and also looking forward to adding new wind generation
in the future [29, 30]. The world’s second project was built in the Zhoushan
islands, also in China, and was put into service in 2014. The project consists
of five terminals, allowing for the integration of the high amount of wind
energy from the archipelago reliably, and ensuring the safe operation of the
whole system [31,32]. Another recent project is the four-terminal in Zhangbei,
aiming to integrate bulk wind, hydro and solar power resources into Beijing.
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Additional terminals are planned to be added, which will expand the MT-
HVDC grid in 2021 [37,38].

The aforementioned projects consist of the integration of distributed bulk
clean energy resources into the main power system. Due to the multi-terminal
(or meshed) HVDC grid topology, this generated power can flow to the dif-
ferent terminals, even those which are far away from the generation source.
This brings flexibility and reliability to the whole system, and allows for a
reduction of the non-renewable energy sources overall. Furthermore, the idea
of MT-HVDC grids may also include islanded and passive systems (i.e. sys-
tems that rely, partially or completely, on external generation). As these
systems act as a load, the power can flow in the other direction as compared,
for instance, to the offshore wind farm application. This will become relevant
in the MT-HVDC grid analysis that will be carried out in this chapter, and
extends the range of applications of such grids.

From now on and for simplicity, the acronym MT-HVDC will refer only to
VSC-based systems. The control of the DC voltage in a MT-HVDC grid is
crucial to ensure the overall grid system stability and adequate performance.
The droop control is a well-known solution where usually different converters
are responsible for the DC voltage control, which enables a fast regulation
of the DC grid and the establishment of power sharing between the different
converters [124–126]. Other approaches can be found, such as voltage margin
control [127] where only one converter stiffly controls the DC voltage of the
MT-HVDC grid. Different implementations or structures of the droop control
can be found in the literature. Eight different options either using voltage,
current or power for the droop control loop are compared in [128]. Also, some
studies include an additional power loop cascaded with the DC voltage droop
loop [125], whereas others do not include it [129].

Several studies are focused on the DC grid dynamics, for instance consider-
ing its operational limitations [130] or cable dynamics [131]. In [132], AC/DC
interactions are considered in the optimisation of the droop control, whereas
in [133] a droop design based on a trade-off among power losses, power flow
and voltage deviations minimisation is described. In [134], the droop control
is addressed considering the complete multi-terminal grid dynamics, includ-
ing both the linearised DC and AC grid dynamics, the converter controllers
and a DC oscillation damping loop. Although the majority of studies in the
literature are based on two-level VSCs, some recent droop MT-HVDC stud-
ies including the MMC can be found. In [C1], the overall MMC dynamics
and a more detailed cable model was included, performing a similar analy-
sis than in [134]. Regarding MMC-based MT-HVDC droop control studies,
a control strategy able to ensure grid reliability and stability in case of an
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outage of a master station is proposed in [135], whereas in [136] an optimal
control design to improve the stability and the dynamic behaviour is applied
to a three-terminal grid. A comprehensive modelling of an MMC-based MT-
HVDC grid including different energy control approaches to support the DC
voltage is presented in [129]. In the co-authored paper [J5], a hierarchical
methodology based on a linear model and simulations is proposed to select
feasible droop gains.

In this chapter, a detailed, modular and generic MT-(VSC)-HVDC system,
useful for applications such as offshore wind integration and islanded systems,
is presented. The stability analysis of different control structures for the
terminals under DC voltage droop control is addressed, and a joint optimal
control tuning of all the droop gains and the energy controllers is detailed and
applied to a challenging asymmetrical case study, which contains converters
with different power ratings. The results are validated using a complete non-
linear model through simulations, under different severe disturbances.

7.2 System description

The system under study is a generic MT-HVDC grid. Such a grid does not
only consider the case of offshore wind farm generation to the main land
AC grid, but also the connection of islanded or completely passive systems
that import power from land or from other stable systems. The system is
composed of DC voltage droop controlled terminals and AC grid-forming
terminals (Fig. 7.1). On one hand, the AC grid-forming terminals generate
a stable AC grid that enables the integration of power generation (e.g. in
offshore wind farms) or the supply of power from the HVDC grid (e.g. in
islands with a very weak generation or no generation at all). On the other
hand, the DC voltage droop controlled terminals (which can be seen as dis-
tributed DC grid-forming) are responsible for making the HVDC grid stable
and for sharing the power accordingly.

With an adequate definition of the DC voltage droop control gains, power
sharing between converters is enabled locally, without communications. How-
ever, a slower secondary control [137] with communications could be imple-
mented in order to, for instance, compensate for possible deviations of power
or implement an optimisation algorithm that, for instance, minimises the
losses [138].
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MMC 1 MMC n+1

MMC m

Multi-terminal

HVDC grid

AC network n+1

AC network m

AC network 1

MMC n

AC network n

DC voltage droop AC grid-forming
terminalsterminals

P,Q

P,Q

P,Q

P,Q

Fig. 7.1: Generic multi-terminal HVDC grid with DC voltage droop con-
trolled terminals and AC grid-forming terminals

7.3 Control approaches

In DC voltage droop controlled MMCs, different control structures are possi-
ble, similar to what was presented in Chapter 3. In fact, the control system
has to deal mainly with the DC voltage and the total energy through the
AC and DC current references. Moreover, an additional power loop can be
included, cascaded with the DC voltage control loop. A detailed analysis of
the different options will be carried out later on, using a base case study.

The most common control structure, adopted from 2L-VSCs, will be re-
ferred to as droop classic control, equivalently to Chapter 3. The droop gain
kd amplifies the DC voltage error signal, and yields either the AC current
reference iq∗s or the active power reference P ∗ac if a power loop is included. On
the other hand, the total energy is controlled by means of a PI controller,
yielding the zero sequence additive current reference i0dc*

sum (i.e. a third of the
DC current in a balanced case) after adding a feed-forward based on the mea-
sured active power for stability purposes, as mentioned in Chapter 3. Both
approaches are depicted in Figs. 7.2 and 7.3.

Another possibility consists of swapping the current references, equivalently
referred to as droop cross control. The droop gain kd amplifies the DC voltage
error signal, and yields the i0dc*

sum reference or the DC power reference P ∗dc if a
power loop is included. On the other hand, the total energy PI yields either
the iq∗s reference or the active power reference P ∗ac if a power loop is included.
Both approaches are depicted in Fig. 7.4 and 7.5.

These different options will be evaluated in the base case study section,
highlighting the potential stabilities that some structures may cause.
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165



Chapter 7 The MMC in DC voltage droop-controlled MT-HVDC grids

7.4 Case study

The analysis and methodology presented in this chapter will be based in the
four terminal MT-HVDC grid case study shown in Fig. 7.6, containing droop
controlled converters (DCC) 1 and 2, and grid-forming converters (GFC) 3
and 4. However, both the analysis and methodology can be extrapolated
to the generic MT-HVDC grid shown in Fig. 7.1. Note that the GFCs are
representative of the offshore wind farm case (generation injected into the
MT-HVDC grid) as well as feeding loads (e.g. isolated system, island with
very weak generation or no generation at all, etc.). As mentioned before,
this case study is characterised by its asymmetry, meaning that the rating of
the different MMCs and the length of the cables are different. Therefore, the
control parameters have to be carefully tuned to ensure its correct operation,
specially under severe transient events.

DCC 1

AC network 4

AC network 1

AC network 2

DCC 2

GFC 3

GFC 4

AC network 3

AC line 3

AC line 4

MT-HVDC grid

Fig. 7.6: Four terminal MT-HVDC grid with DC voltage droop controlled
terminals and AC grid-forming terminals

7.4.1 Scenario configuration

The parameters of all the MMCs can be found in Table 3.1, whereas Table 7.1
shows the rating and the control mode of each MMC. The GFCs are controlled
using the decoupled control structure. The values in per-unit from Table 3.1
use the corresponding rated power of each converter (Table 7.1). MMC 1
and 4 are twice the power of MMC 2 and 3, which affects the droop gains
calculation. The transient disturbances occurring at AC networks 3 and 4
have to be shared accordingly (both transiently and in steady-state) to avoid
the saturation of the MMC with lower power (MMC 2).

The length of the MT-HVDC grid and the parameters corresponding to the
AC lines 3 and 4 are shown in Table 7.2. The HVDC cable model consists
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Table 7.1: Rating and mode of each MMC

MMC Mode Rated power

1 DC voltage droop 1000 MW
2 DC voltage droop 500 MW
3 AC grid-forming 500 MW
4 AC grid-forming 1000 MW

of 3 branches and 1 section, and the parameters can be found in Table 3.2
(Chapter 3). Note that the lengths of the different links are also different,
increasing the asymmetry of the system.

Table 7.2: DC and AC lines parameters

Parameter Symbol Value Units

DC line 1-3 length d13 250 km
DC line 2-4 length d24 150 km
DC line 3-4 length d34 100 km
AC line 3 length d3 25 km
AC line 4 length d3 10 km
AC cable resistance rc 0.032 Ω/km
AC cable inductance lc 0.4 mH/km
AC cable capacitance cc 0.17 µF/km

The droop gains are initially approximated by setting a 10% DC voltage
deviation in steady-state for 1 p.u. of power as

kd =
∆P

∆V dc
t

=
1 p.u.

0.1 p.u.
= 10 p.u. (7.1)

The initial tuning for the other controllers is based on the different tech-
niques already mentioned in previous chapters, that will be summarised next.
The inner current loops of the MMCs are tuned for a first-order response with
time constant 1 ms using IMC (3.2)-(3.3). The PLLs are tuned to track the
grid angle within approximately 25 ms (3.4). The energy controller parame-
ters are designed to obtain a second order response (6.15) (Chapter 6), and a
slower response is set for the horizontal and vertical balancing energy contro-
llers (note that this tuning is not particularly relevant, as unbalanced faulty
scenarios are not considered). Finally, the AC voltage controller parameters
are set empirically to a stable value, and frequency droop is not implemented,
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as there is only one grid-forming unit in each AC subsystem. The relevant
values of the different controllers are shown in Table 7.3. The following scal-
ing factors are used (see Figs. 7.2-7.5):

k1 =

√
2√

3UN
, k2 =

1

3V dc
N

(7.2)

Table 7.3: Control parameters related to the AC side

Parameter Symbol Value Units

DC voltage droop gain MMC 1 kd,1 -15625 W/V
DC voltage droop gain MMC 2 kd,2 -7812.5 W/V
Current controls time constant τcc 1 ms
PLLs time constant τpll 25 ms
Total energy MMC 1-4, proportional kp−w 126 W/J
Total energy MMC 1-4, integral ki−w 3948 W/(Js)
AC voltage MMC 3, proportional kp−u,3 0.025 A/V
AC voltage MMC 3, integral ki−u,3 0.500 A/(Vs)
AC voltage MMC 4, proportional kp−u,4 0.020 A/V
AC voltage MMC 4, integral ki−u,4 0.400 A/(Vs)

7.4.2 Linear model

The overall linear model of the 4-terminal system (Fig. 7.7) is built based
on the different subsystems presented in previous chapters. Using the droop
cross control without power loop, and the decoupled energy control for the
total energy in MMCs 3 and 4, the overall system contains 75 states and 20
inputs (AC networks 1 and 2 voltages, controllers references and P and Q
references for PQ nodes 3 and 4). The inputs are kept to 0 except for the
active power references of PQ nodes 3 and 4, which are the disturbances of the
system. Note that the AC grid equations (2.42)-(2.43) are embedded in the
MMC DCC blocks, but they do not imply extra states as the Thévenin RL
branch is added in series with the MMC AC filter (2.31)-(2.32). The overall
linear model is validated against the complete non-linear model (Figs. 7.8-
7.9). The operating point is 0.9 p.u. and a step of 1% of the power references
of PQ nodes 3 and 4 is performed at t = 1 s. Relevant magnitudes of the four
MMCs are presented, all of them showing a perfect match with the complete
non-linear model.
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Chapter 7 The MMC in DC voltage droop-controlled MT-HVDC grids

Fig. 7.8: Linear model validation of the 4-terminal HVDC grid linear model
– MMC 1 and 2
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Fig. 7.9: Linear model validation of the 4-terminal HVDC grid linear model
– MMC 3 and 4
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7.4.3 Stability analysis

After presenting the different control alternatives, a stability analysis is car-
ried out to identify potential instabilities related to the control structures and
their parameters. This will be carried out using eigenvalue plots.

Effect of the operating point

The first aspect that needs to be addressed is the identification of the worst
operating point in terms of stability. Therefore, the four control structures
are investigated in this regard (Figs. 7.10-7.13).

The maximum operating point is defined by the maximum power exchange
allowed in the AC networks 3 and 4. When AC networks 3 and 4 inject power
(generation), they are allowed to inject up to -1 p.u. (using the respective
nominal power of GFCs 3 and 4, Fig. 7.6), as the losses throughout the
system will make that AC networks 1 and 2 receive slightly less power and
the converters will not saturate. On the other hand, when AC networks 3 and
4 are consuming power (load), this power will be supplied by AC networks
1 and 2. This makes the load case more restrictive, and AC networks 3 and
4 are allowed to have a power demand of up to 0.9 p.u., in order to avoid
saturation in DCCs 1 and 2 (Fig. 7.6), as the power from AC networks 1 and
2 will be slightly higher than the one demanded by AC networks 3 and 4.

With the classic control structure (without additional power loop), the
system is very close to instability at operating point -0.2 p.u. (Fig. 7.10).
If the operating point is further increased, the system becomes unstable for
the range of approximately -0.2 p.u. to 0.9 p.u., meaning that this control
structure is not recommended.

Adding a power loop to the classic control approach (tuned for an approx-
imate response of 30 ms settling time) highly improves the stability of the
system. In this case, the system is able to operate in the whole range (from
-1 p.u. to 0.9 p.u.) (Fig. 7.11). However, the system is close to instability at
the worst case scenario (0.9 p.u.), which might be dependent on the tuning
of this additional power loop (and other controllers). This will be further
investigated in the next section, but at first sight it can be stated that this
control structure might be a useful alternative.

Regarding the cross control structure, it can be seen that the operating
point neither affects the movement of poles significantly nor brings any of
them anywhere close to the unstable region (Fig. 7.12). This makes the cross
control alternative pretty interesting in the sense that it makes the system
minimally sensitive to the operating point.
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Fig. 7.10: Eigenvalues of the 4-terminal system using droop classic control
(without additional power loop) – Operating point sweep

Fig. 7.11: Eigenvalues of the 4-terminal system using droop classic + power
loop control – Operating point sweep
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Fig. 7.12: Eigenvalues of the 4-terminal system using droop cross control –
Operating point sweep

Adding a power loop to the cross control approach (tuned for an approx-
imate response of 30 ms settling time) yields the results shown in Fig. 7.13.
It slightly changes the distribution of poles, with no significant difference
compared to the alternative without a power loop. The effect of the power
loop response will be evaluated also in the next section. So far, it can be
concluded that the less stable operating point is 0.9 p.u. of power with the
AC networks 3 and 4 acting as loads. Also, the aforementioned alternatives,
with the exception of the droop classic control without power loop, appear
to be useful approaches for the multi-terminal droop control system.

Fig. 7.13: Eigenvalues of the 4-terminal system using droop cross + power
loop control – Operating point sweep
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Effect of the additional power loop

The effect of the power loop is explored next. The operating point is set to the
worst case scenario (0.9 p.u. in AC networks 3 and 4). A parametric sweep of
the settling time of the PI controller (using an independent model of a grid-
following MMC controlling the P, and approximately designing a first-order
response of the power using the Robust control toolbox from Matlab) of each
MMC individually using the classic control is shown in Figs. 7.14a-7.14b. It
is shown that a faster power loop brings the system close to the unstable
region (in this case, at around 25 ms). The effect of MMC 1 is more evident,
moving this pair of poles to the unstable region. On the other hand, a slower
power loop moves these poles away from the unstable region. However, there
is another set of poles that present opposite characteristic: the slower the
power loop, the close they get to the unstable region. This is more obvious
when both power loops are changed simultaneously in Fig. 7.14c. In fact, in
the present example the system gets unstable at around 300 ms of settling
time.

Looking at the cross control, the same parametric sweep is shown in Figs.
7.15a-7.15c. Also, the eigenvalues location of the cross control without power
loop is depicted in red. In this case, the individual parametric sweep of MMC
1 and 2 causes a movement of two pairs of poles but the system remains stable
without any of the poles approaching the unstable region. However, when
both PI controllers are tuned simultaneously in both MMC 1 and 2, the
system becomes unstable when the power loops are tuned for a settling time
of around 150-200 ms or higher, similarly to what happened in the droop
classic case.

After the analysis, the following can be concluded. On one hand, the droop
classic control with an additional power loop has a stable range of settling
time values (in this example, between 30 and 300 ms). On the other hand,
the droop cross control with an additional power loop only presents unsta-
ble behaviour when the settling time is sufficiently high (in this example, at
around 150-200 ms), with no limitation for faster power loops. It can be
concluded that the droop cross control without power loop arises as the most
attractive solution, specially for its simplicity in terms of tunable parame-
ters (no additional power loop is required), together with its high stability
characteristic.
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(a) MMC 1 (b) MMC 2

(c) MMCs 1 and 2

Fig. 7.14: Eigenvalues of the 4-terminal system using droop classic + power
loop control – AC power loop settling time sweep
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(a) MMC 1 (b) MMC 2

(c) MMCs 1 and 2

Fig. 7.15: Eigenvalues of the 4-terminal system using droop cross + power
loop control – DC power loop settling time sweep (without power
loop in red)
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Effect of the droop constants

The droop classic with additional power loop and the droop cross structures
are selected to evaluate the effect of the DC voltage droop gains. The initial
droop parameters (Table 7.3) are multiplied by a gain kg. The operating
point is set to the worst case scenario (0.9 p.u. in AC networks 3 and 4),
and the settling time of the droop classic power loop is set to 125 ms, which
is a reasonable value within the stable range identified in the previous sec-
tion. The results show an opposite instability mechanism: with the classic
structure, the system becomes unstable when the gains are increased by a
factor of approximately 4 (and higher), whereas in the cross structure case
the system becomes unstable when the gain is approximately reduced by a
factor of 0.12 (or lower) (Figs. 7.16-7.17). This makes the cross structure a
more robust approach with respect to the droop gains.

Fig. 7.16: Eigenvalues of the 4-terminal system using droop classic + power
loop control – MMCs 1 and 2 droop gains sweep

Effect of the total energy loop

In this last section, the effect of the energy controller is investigated for both
the droop classic with additional power loop and the cross structures. A gain
kw is included in both the proportional and the integral constants, in both
MMCs at the same time. As in the previous cases, the operating point is set
to 0.9 p.u. and the settling time of the droop classic power loop is set to 125
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Fig. 7.17: Eigenvalues of the 4-terminal system using droop cross control –
MMCs 1 and 2 droop gains sweep

ms. On one hand, when the droop classic with power loop is used, the system
becomes unstable when the gain is reduced to approximately 0.4 (Fig. 7.18).
On the other hand, the system with the droop cross control becomes unstable
when the gain is increased to approximately 4.5 (Fig. 7.19). Therefore, the
tuning of the energy PI has to be chosen carefully taking into account which
of the two control structures is implemented.

Fig. 7.18: Eigenvalues of the 4-terminal system using droop classic + power
loop control – MMCs 1 and 2 energy PI gains sweep
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Fig. 7.19: Eigenvalues of the 4-terminal system using droop cross control –
MMCs 1 and 2 energy PI gains sweep

7.4.4 Optimal control design

After the stability analysis presented in the previous section, a joint tuning of
the different controllers of the DCCs (MMCs 1 and 2) is addressed. Based on
the conclusions obtained from the stability analysis, the selected structure is
the droop cross control, due to its stability characteristics and its simplicity,
as it only contains a total of 6 tunable parameters: the droop gains (kd,1, kd,2)
and the energy PI controllers parameters (kp−w,1, kp−w,2, ki−w,1, ki−w,2) of
both MMCs.

What makes this problem challenging is the fact that steady-state require-
ments due to the (proportional) droop control are mixed with transient re-
quirements, specially with such an asymmetric system, where MMC 1 is rated
to twice the power of MMC 2. Although the steady-state operating point will
be adjusted by the TSO, for instance through secondary control, it is desir-
able that the power is approximately shared through the droop control gains,
to avoid large differences after disturbances or power changes.

Using the linear model of the overall system, gain constraints in the fre-
quency domain are set for different transfer functions, equivalently to what
was done in previous chapters using Bode diagrams for SISO systems or sin-
gular values in the case of multi-variable systems. Then, an optimisation
based on H∞ (see Chapters 5 and 6) will determine the control parameters.
Note that the system (Fig. 7.6) has to remain stable and within the limits
during different transient phenomena. In this case, the following situations
are considered:

� Avoid overshoots and undershoots in currents, voltages and energy both
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in inverter and rectifier modes.

� Stay in operation after a sudden disconnection of the AC lines (3 or 4).

Based on this criteria, the worst case scenarios are defined. Considering
the whole operating range (generation and consumption) from AC networks
3 and 4 (disturbances), the following can be stated. On one hand, in the case
of generation (offshore wind farms) the disturbances will not be anywhere
close to being step changes, as the dynamics of the wind farms are much
slower than the dynamics of the MMCs. A disconnection of the wind farm
could happen, although it is a very unlikely event. On the other hand, in
the case of loads, sudden step changes are likely to happen. However, one
cannot consider changes of a large amount of power, which would be rather
unrealistic. Instead, positive step changes of 0.2 p.u. (sudden load connec-
tion) are considered to be sufficiently restrictive. Also, based on the stability
analysis, which showed that the worst operating point is when the DCCs are
acting as rectifiers at full power (0.9 p.u. in AC networks 3 and 4), the critical
operating point to consider for the application of a 0.2 p.u. step increase is
0.7 p.u., which would bring the system operating point to 0.9 p.u. of power.
Furthermore, a sudden disconnection of AC line 4, which is the one with a
higher rating, can be considered from that operating point, and the system
should remain stable after that disturbance.

The next step is to define the constraints and the disturbances in the lin-
ear model, allowing for the tuning of the control parameters afterwards. This
problem can be approximated in different ways. One possibility is to con-
sider the largest disturbance (e.g. from 0 to 1 p.u.) with a reasonable time
response (e.g. first order response), as it is neither realistic nor feasible to
apply it as a step. Then, the constraints are set to the maximum allowed
values in absolute terms (i.e. actual voltage and current limits of the con-
verter). Another possibility is to consider a step disturbance (e.g. 0.2 p.u.)
and then set the limits of the voltages and the currents proportionally to
their maximum allowed values. In this case, it would be a fifth of that value,
as the step disturbance has been set as a fifth of the rated power. Bearing
in mind the limitations of linear models, the truth is that these methods are
still quite useful to obtain an adequate optimal tuning, and it will depend
on each case which alternative leads to better results. In order to verify the
obtained tunings, the results have to be checked in simulation using the full
non-linear model.

In the present case, the first option has resulted to yield adequate results,

181



Chapter 7 The MMC in DC voltage droop-controlled MT-HVDC grids

as will be seen next. A disturbance of 0.9 p.u.1 is applied in both AC networks
3 and 4. Then, the constraints are set as follows:

1. Voltage deviation of 12% in DC terminals 3 and 4, as these voltages
deviate more than the ones at DC terminals 1 and 2, due to the power
flow direction (DCCs in rectifying mode).

2. Total energy deviation of 15% in MMCs 1 and 2.

3. Maximum AC current of 115% in MMCs 1 and 2.

4. Maximum DC current of 115% in MMCs 1 and 2.

5. Maximum DC current difference between MMCs 1 and 2 (in p.u.) of
10% (steady-state constraint).

It is important to remark that these constraints are not exact, as the dis-
turbance is not a small-signal disturbance and the new state after the distur-
bance is far away from the initial operating point where the linear model is
accurate. Moreover, as there are two disturbances in the system, the singular
values show the curves for the critical input vector (i.e. the worst combination
of inputs that generates the maximum singular values peak). This combina-
tion does not have to be necessarily feasible in the real system. For instance,
considering that the two input disturbances can be up to 1 p.u., the results
of the singular values could correspond, for instance, to the case where one
input is 1.3 p.u. and the other one is 0.6 p.u. (i.e. the critical direction). How-
ever, it is possible that this combination of inputs is never going to happen
in the real system, making the singular values limit tool too restrictive.

The singular values after carrying out the optimisation of the tunable pa-
rameters, based on the aforementioned constraints, is shown in Figs. 7.20-
7.22. The singular values plots using the initial tuning parameters are also
shown as a comparison with the optimal tuning. After several iterations on
the constraints, this is the most suitable solution that has been found with
the optimiser. It is shown that the optimal tuning plots are pushed down as
compared to the initial tuning ones. The steady-state (ω = 0) is below the
limit in most cases, whereas the transient slightly exceeds the limit some-
times. It is remarkable that the singular values of MMC 2 (500 MW), which
is the most critical converter as it is rated to half the power of MMC 1 (1000
MW), are the ones that are affected the most. Also, the power sharing is
improved (Fig. 7.22).

1First-order response of 100 ms settling time
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Fig. 7.20: Singular values of the 4-terminal system for the initial and optimal
tunings – MMC 1 constraints
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Fig. 7.21: Singular values of the 4-terminal system for the initial and optimal
tunings – MMC 2 constraints

Fig. 7.22: Singular values of the 4-terminal system for the initial and optimal
tunings – Power sharing constraint
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As the singular values in multi-variable systems might be too restrictive as
mentioned before, this can still be an adequate solution to be implemented in
the system controllers. The tuning results are shown in Table 7.4. Note that
the optimal tuning results in increasing the droop gains, specially the one in
MMC 1, which will make this converter respond faster to the disturbances,
thus preventing MMC 2 to saturate. Also, the proportional constant of the
energy controller of MMC 2 is increased.

Table 7.4: Initial and optimal tuning parameters (MMC 1 and 2)

Parameter Symbol Initial Optimal Ratio Units

DC volt. droop (1) kd,1 -15625 -24477 1.567 W/V
DC volt. droop (2) kd,2 -7812.5 -9070 1.161 W/V
Total energy P (1) kp−w,1 126 126 1 W/J
Total energy I (2) ki−w,1 3948 3948 1 W/(Js)
Total energy P (1) kp−w,2 126 259 2.056 W/J
Total energy I (2) ki−w,2 3948 3948 1 W/(Js)

Due to the limitations of the linear model and the singular values con-
straints mentioned before, the results have to be verified using the complete
non-linear model in time-domain simulations in the different worst-case sce-
narios. The simulation is defined as follows. At t = 0.05 s, both AC networks
3 and 4 ramp up their respective powers to 0.7 p.u. (load). At t = 1 s, a
sudden (step) increase of load is performed in both networks simultaneously,
bringing the system to 0.9 p.u. (maximum power). Then, a sudden discon-
nection of AC line 4 (approximately 1000 MW of power flowing) is performed
at t = 1.6 s. Based on this scenario, two different options are tested.

With secondary control

In the first case, a secondary control sends new set-points V dc
t,i to MMC 1 and

2 in a few hundreds of milliseconds after each change (see Table 7.5). The
set-points calculation is based on the power-flow solution (7.3)-(7.6) that con-
strains the maximum voltage of the MT-HVDC grid to 1 p.u. while keeping
the power sharing ratio 2:1. As these set-points depend on the droop gains
(kd,i), they need to be calculated for a given tuning. Recalling the generic
system from Fig. 7.6, the system of equations is composed by n + m node
equations, n droop equations, m power balance equations, n−1 power sharing
equations and 1 maximum voltage requirement equation (3n+ 2m equations
in total). The unknowns are n voltages references (V dc∗

t,i ), n + m voltages
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Table 7.5: DC voltage references for the initial and optimal tuning

Time vdc∗
t,1 (ini.) vdc∗

t,2 (ini.) vdc∗
t,1 (opt.) vdc∗

t,2 (opt.)

0 s 1.0000 p.u. 1.0000 p.u. 1.0000 p.u. 1.0000 p.u.
0.7 s 1.0724 p.u. 1.0613 p.u. 1.0462 p.u. 1.0512 p.u.
1.3 s 1.0926 p.u. 1.0783 p.u. 1.0591 p.u. 1.0655 p.u.
1.9 s 1.0308 p.u. 1.0282 p.u. 1.0197 p.u. 1.0239 p.u.

The time-domain simulations of the first case are shown in Figs. 7.23-7.25.
It can be seen that MMC 1 has a lower DC voltage deviation, and that it takes
a slightly larger portion of power. The difference is much more noticeable in
MMC 2, which takes a lower amount of power, therefore avoiding saturation
in the AC current. It can be seen how the DC voltage reference set-points ad-
just the power sharing after each disturbance. However, it is remarkable that
the optimal tuning already achieves a reasonable power sharing (Fig. 7.25),
and the adjustment of the references is small in that case. Also, the energy
deviation of MMC 2 is lower than using the initial tuning. Moreover, the
system responds well to the disconnection of AC line 4, remaining stable.

Without secondary control

In the second case, the system is tested without a secondary control, i.e.
the DC voltage references are set to a constant value of 1 p.u. during the
whole simulation, which could represent an eventual loss of communications.
The time-domain simulations of the second case are shown in Figs. 7.26-7.28.
This case unveils a degraded performance of the system if the initial tuning is
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Fig. 7.23: Time-domain simulation of the 4-terminal system for the initial and
optimal tunings, with DC voltages references correction – MMC 1
magnitudes (base values of MMC 1, Table 7.1)
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Fig. 7.24: Time-domain simulation of the 4-terminal system for the initial and
optimal tunings, with DC voltage references correction – MMC 2
magnitudes (base values of MMC 2, Table 7.1)
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Fig. 7.25: Time-domain simulation of the 4-terminal system for the initial
and optimal tunings, with DC voltage references correction – DC
current difference

used, because of its poor power sharing features. If this is not corrected by a
secondary control as in the first case, when the system is at an operating point
with a high degree of load and a disturbance occurs, it will likely bring one or
both MMCs to saturation. In this case, the most obvious saturation appears
in the DC current in both MMCs. Therefore, in case of an eventual loss of
communication, only the optimal tuning guarantees a correct operation of
the system.
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Fig. 7.26: Time-domain simulation of the 4-terminal system for the initial and
optimal tunings, with constant DC voltages references – MMC 1
magnitudes (base values of MMC 1, Table 7.1)
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Fig. 7.27: Time-domain simulation of the 4-terminal system for the initial and
optimal tunings, with constant DC voltages references – MMC 2
magnitudes (base values of MMC 2, Table 7.1)
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Fig. 7.28: Time-domain simulation of the 4-terminal system for the initial
and optimal tunings, with constant DC voltages references – DC
current difference
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7.5 Conclusion

Due to the potential expansion of HVDC connections in the future power sys-
tem, the emergence of multi-terminal HVDC grids will gain relevance, and
this likely implies multi-terminal grids composed by converters with different
power ratings. In this chapter, a control design methodology for a multi-
terminal MMC-based HVDC system has been addressed, analysing different
control structures. This methodology is valid for a generic multi-terminal
HVDC system with several nodes participating in the DC voltage control
through a droop control strategy and using an energy-based control approach.
Furthermore, aside from the voltage droop controlled converters, the termi-
nals that exchange power have been modelled as detailed grid-forming MMCs
as in Chapter 6, and the whole range of operating points (not only genera-
tion as in the offshore wind farm case, but also consumption as in an islanded
system) has been considered.

It was shown that using the classic control structure the stability of the
system can be compromised. Also, the stability was found to be highly
dependent on the operating point, being the rectifier mode at rated power
the worst case. The options of (i) adding a cascaded power loop with a
relatively slow time constant in the classic structure, or (ii) using a cross
structure without any additional power loop, have shown to highly improve
the system stability. The wider range of stable droop gains and the control
structure simplicity make the latter a more attractive option. Furthermore,
an automatic tuning procedure based on H∞ has been proposed, which yields
the droop gains and the total energy controllers parameters that comply with
both steady-state and transient requirements under severe power changes.
As mentioned before, an asymmetrical case study with converters rated at
different powers has been considered. This makes the control system design
specially challenging as compared to the case where all the terminals are
rated to the same power.
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Chapter 8

Conclusions

The integration of power electronics into the power system has increased in
the recent years, and it is undeniable that it will keep growing in the near
future. In this context, the MMC has been a subject undergoing intense
study in the recent years. The present work has mainly focused on the outer
control design of the MMC using an energy-based approach, i.e. explicitly
controlling the energy balance inside the converter. In this section, the gen-
eral conclusions, the specific contributions and the main future research lines
are presented, as a closure of the doctoral thesis.

8.1 General conclusions

The relatively high complexity of the MMC, as compared to the two-level
VSC, poses some control challenges. However, this topology brings extra
degrees of freedom that enhance the dynamics and the capabilities of this
converter within the power system.

The extra capabilities offered by the MMC can be exploited through the
outer control system layer, i.e. the controllers that are on top of the internal
currents control. These different controllers are different depending on the
application of the converter. The two main applications covered in the present
work are the DC voltage control and the AC grid-forming operation modes.

In the case of DC voltage control, four different control structures are
investigated and compared, for the case of a master converter in a point-to-
point link. It is shown that the classic control used in two-level VSCs can
be also applied to the MMC. However, it presents some limitations, specially
when the link is not long enough. A cross control structure (swapping the
inputs and outputs) is compared to the classic one, and a combination of
both is also proposed. Furthermore, an open-loop control is also presented
for very short links or back-to-back applications.

Complementarily, a further step is taken on the validation of such a system,
setting up an laboratory-scaled experimental platform. The HVDC cable, as

195



Chapter 8 Conclusions

a crucial element of the system, is investigated in terms of how to implement
it in a low-voltage platform. The results showed that an improved version
of the cascaded π-section can be used not only in linear analysis, but also
experimentally, showing a good match between the simulations and the ex-
perimental results. However, with such a cable emulator, in order to obtain
a higher accuracy it is necessary to increase the cost and the volume of the
equipment too much.

Furthermore, a more general multivariable controller is presented. In order
to show its full potential, different optimal tuning techniques have been found
useful to calculate the parameters of such a controller. Depending on how
the different penalties and constraints are set, the desired performance of the
system can be obtained, complying with the transient requirements.

In the case of AC grid-forming control, the capabilities of the MMC have
been investigated from the point of view of the energy control, using the well-
known frequency-droop approach. By slightly changing the structure of the
energy control loop, relevant differences have been observed in the AC/DC
interactions within the system. Using a decoupled structure allows the MMC
to block the AC disturbances, acting as a firewall for the DC side.

Finally, different control structures are also possible in the case of multi-
terminal HVDC grids, which strongly affect the stability of the system. A
droop cross control without a power loop has demonstrated to yield appropri-
ate results even in asymmetric case scenarios with MMCs of different ratings,
exhibiting adequate power-sharing and consistent transient features.

8.2 Contributions

The contributions of this thesis are related to the control of the MMC, in
different scenarios and operating modes. More specifically, this thesis has
focused on the DC voltage and the internal energy controls using a Com-
pensated Modulation strategy. The major contributions of this thesis are
summarised as follows:

� MMCs in DC voltage control mode for point-to-point HVDC links:

– Analysis and comparison of four different outer control structures
(DC voltage, total internal energy) for a DC voltage controlled
MMC, highlighting the control challenges of short HVDC links.
Proposal of the weighted control structure, which combines the
classic control and the cross control, offering more degrees of free-
dom. Also, proposal of the constant DC voltage control structure,
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which removes the DC voltage feedback control loop, being suit-
able for very short links and back-to-back applications, although it
requires further analysis to deal with the current limitation (Chap-
ter 3).

– Design and implementation of an HVDC cable emulator, based
on the parallel branches model, which accounts for the frequency
dependent behaviour of the cable. This cable emulator has been
used in the experimental tests of the laboratory-scaled point-to-
point HVDC link (Chapter 4).

– Proposal of a generalised MIMO controller (8 degrees of freedom)
that generalises the weighted control structure (6 degrees of free-
dom), and optimal tuning based on the H2, presenting the details
of the methodology and giving insights on the penalties design
(Chapter 5).

� MMCs in AC grid forming mode:

– Analysis and qualitative comparison of four different total internal
energy control structures, using a frequency droop with vector
voltage as AC grid-forming control. Two of the control structures
have been proposed, namely power-filtered control and dynamic
energy reference control structures. These structures allow for an
intuitive tuning of the energy controller through a single parameter
(Chapter 6).

– Demonstration via optimal tuning (based on H∞) that the de-
coupled control structure (i.e. using only a PI controller for the
energy) is able to achieve the same performance than the two pro-
posed structures. This is also shown in a multiple grid-forming
setup simulation (Chapter 6).

� MMCs in DC voltage droop control mode for MT-HVDC grids:

– Stability analysis of different control structures for DC voltage
droop controlled MMCs under an energy-based control approach,
for the application of multi-terminal HVDC grids (Chapter 7).

– Development of an optimal control design methodology for MMC-
based multi-terminal HVDC grids for a generic application, em-
phasising the case of terminals with different power ratings, which
makes the control design more challenging (Chapter 7).
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A few additional minor contributions are identified, which are either tools
or initial approximations to achieve the major contributions above mentioned:

� Related to the modelling: comprehensive reference guide on the overall
control of the MMC using an energy-based approach, and linearisation
of all the different subsystems that allow for building an MMC-based
system for power electronics based power systems. (Chapter 2).

� Related to the laboratory tests: experimental validation of a laboratory-
scaled point-to-point HVDC link, using cross control, and compare it
with the corresponding simulated high-voltage system (Chapter 4).

� Related to the MMC operating in DC voltage control: investigation
of the performance and controllability limits of the MMC using the
classic, cross and weighted control structures, through optimal tuning
with high requirements using user-friendly tools offered by commercial
software, based on H∞ (Chapter 5).

8.3 Future work

The presence of MMCs in the power system is already a reality, and it is
currently in a clear growing trend. In the next years, HVDC technology
will keep growing, and the complexity of mixed AC/DC power systems will
challenge the system stability and reliability. Therefore, further research to
improve the state-of-the-art control strategies that ensure robustness and
security in bigger and more complex systems with a higher amount of power
electronics devices is necessary, and will be continuously developed in the
upcoming years.

Focusing on the specific contributions developed in each chapter, the po-
tential future work based on the accomplished achievements of the present
thesis is described below:

� Chapter 3:

– Investigate the effect of the slave MMC control tuning on the mas-
ter MMC control structure (and the overall system stability), as it
has been found that the tuning of the slave MMC energy controller
has a relevant impact on the system.

– Further analyse the use of the constant DC voltage control for
back-to-back or very short HVDC connections, as this open-loop
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structure might need some additional control features to deal with
overcurrents, specially in faulty scenarios.

� Chapter 4:

– Address a more detailed analysis in terms of how many branches
and sections are optimal from the accuracy, the cost and the foot-
print points of view. Also compare it with the π-section model.

– Extend the results replacing the DC source for a second MMC
prototype operating as a slave, as well as considering different
cable lengths and different control structures.

– Extend the analysis developing a detailed small-signal model of
the experimental system in discrete time, in order to provide more
solid proofs in terms of the resonance of the cable and a more
precise mitigation solution.

� Chapter 5:

– Based on the H2-norm section, define an equivalent optimisation
problem for the application of the H∞-norm in the same condi-
tions (performance indexes, penalties, etc.), allowing for a fair and
detailed comparison between both methods. This would allow for
drawing more general conclusions on the advantages and down-
sides of each method.

– Explore the robustness of such controllers under plant model un-
certainty, specially regarding the AC grid and the HVDC cable.

– Application of the aforementioned methods to other case studies
and converter controllers.

� Chapter 6:

– Explore new forms of grid-forming control that are specific to the
MMC topology, for instance using the internal energy to generate
the angle or matching the MMC equations to the synchronous
generator ones, as already done in the literature for 2-level VSCs.

– Investigate the grid-forming control interactions among converters
and/or synchronous generators when several units are operating
in grid-forming mode. This is specially challenging when the sys-
tem is not symmetrical and using MMCs, as they do not include
a capacitor in the AC side, worsening the controllability of the
AC voltage using the classic voltage/current vector control. The
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aforementioned optimal control tools could be useful to determine
the control parameters.

� Chapter 7:

– Extend the control design methodology to a more general AC/DC
power system, considering different operating modes, different po-
tential contingencies and support from one subgrid to another, in
order to define the suitable control mode (AC and DC) in each
terminal. This is strongly related to the GridOfGrids project [J7].

8.4 Related works within the research centre
CITCEA-UPC

As a subject of current interest, other research works related to the MMC
and to power systems with high penetration of power electronics devices are
being carried out at CITCEA-UPC, the research centre where this thesis has
been developed. These research lines can be seen as a logical extension of the
present thesis, which started at the end of 2015, when the MMC topic was
at an initial stage within the research centre know-how. Such ongoing works
are summarised below:

� Ongoing PhD thesis entitled “Design of advanced system controllers in
HVDC grids”, conducted by Mr. Saman Dadjo Tavakoli. This work
focuses on the analysis of interactions in MMC-based HVDC systems,
such as point-to-point links and multi-terminal grids. This work is a
logical extension of the work developed in the present thesis, and the
author has actively collaborated in this research as a co-author in [J5],
[J6], and other ongoing research.

� Ongoing PhD thesis entitled “Control and design of modular multi-
level Converters”, conducted by Mr. Daniel Westerman Spier. This
work focuses on exploring the degrees of freedom of each MMC arm
in unbalanced faults, considering each individual arm and the MMC
capabilities in such scenarios.

� Ongoing PhD thesis related to the project “Control of a grid composed
by AC and DC subgrids interconnected through power converters”,
conducted by Mr. Josep Arévalo-Soler. This research aims to analyse
and design the control of the different MMCs, defining their roles and
the most adequate control structure for the correct operation of the
overall grid. The author actively participates in this PhD thesis.
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Appendix B

Mathematical transformations

Throughout the thesis, different mathematical transformations are used, ma-
inly for control design purposes. As some of these transformations can be
defined in different ways, and several versions can be found in the literature,
this appendix lists the specific ones used in the present work.

B.1 Clarke transformation

Clarke transformation (B.1) consists of a change in the orientation of the abc
stationary frame axes into the so-called αβ0 axes. This is useful in terms of
representing a balanced three-phase system with only two variables (αβ), and
it can be also useful to isolate the 0 (zero-sequence) component of any system.
As seen in (2.22)-(2.23) in Chapter 2, Clarke transform can be even useful to
obtain simplified expressions in cases where it may not seem intuitive to be
applied. The inverse Clarke transformation is obtained as in (B.2).

Θαβ0 , CΘabc =
1

3

2 −1 −1

0 −
√

3
√

3
1 1 1

Θabc (B.1)

Θabc , C−1Θαβ0 =
1

2

 1 0 2

−1 −
√

3 2

−1
√

3 2

Θαβ0 (B.2)

B.2 Park transformation

Park transformation (B.3) consists of a change from the abc stationary frame
to a synchronous reference frame at the fundamental frequency of the abc
system. Additional synchronous reference frames for subsequent harmonic
components can be similarly implemented. In the present work, the qd0
notation is used, based on the work on electrical machines from Krause [64],
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and to be consistent with previous research from the supervisors of this thesis.
The inverse Park transformation is obtained as in (B.4).

Θqd0 , PΘabc =
2

3

cos(θ) cos(θ − 2π
3 ) cos(θ + 2π

3 )
sin(θ) sin(θ − 2π

3 ) sin(θ + 2π
3 )

1
2

1
2

1
2

Θabc (B.3)

Θabc , P−1Θqd0 =

 cos(θ) sin(θ) 1
cos(θ − 2π

3 ) sin(θ − 2π
3 ) 1

cos(θ + 2π
3 ) sin(θ + 2π

3 ) 1

Θqd0 (B.4)

B.3 Fortescue transformation

According to the symmetrical components theory, any three-phase system
can be expressed as the linear combination of three independent subsystems,
namely direct-sequence, inverse-sequence and zero-sequence. The direct-
sequence component corresponds to a purely balanced positive sequence three-
phase system, the inverse-sequence component corresponds to a purely bal-
anced negative sequence three-phase system, and the zero-sequence corre-
sponds to a three-phase system with all the phasors in phase.

This system obviously presents the same number of degrees of freedom
(six) than the system in the abc frame. However, the system expressed in
symmetrical components presents two independent balanced systems and one
pure zero-sequence system. Defining p = ej

2π
3 , the Fortescue transformation

is expressed as (B.5), whereas the inverse Fortescue transformation is derived
as (B.6).

Θ+−0 , FΘabc =
1

3

1 p p2

1 p2 p

1 1 1

Θabc (B.5)

Θabc , F−1Θ+− =
1

3

 1 1 1
p2 p 1

p p2 1

Θ+−0 (B.6)
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Appendix C

Small-signal analysis

Small-signal stability analysis has been used in power systems over the last
decades. In classic power systems, this is defined as the ability of the power
system to maintain synchronism when subjected to small disturbances [139].
In general, small-signal analysis considers a small disturbance applied to a
system around an operating point. In terms of the state-space representation
of a system, it analyses the state matrix A (C.1). If the system is not
linear (i.e. it contains non-linear differential equations) it has to be previously
linearised in order to derive the state-space representation of it.

ẋ = Ax+ Bu

y = Cx+ Du
(C.1)

Then, the eigenvalues of the matrix A, i.e. the roots of the characteristic
equation (C.2), can be computed (λ = λ1, λ2, ...λn). These eigenvalues can
be real or complex, and if A is real, complex eigenvalues always appear in
conjugate pairs. Similar matrices have identical eigenvalues. The eigenvalues
of a matrix are given by the values of the scalar parameter λ for which non-
trivial solutions to (C.3) exist.

det(A− λI) = 0 (C.2)

Aφ = λφ (C.3)

The stability of a linear dynamic system is independent from the inputs.
In fact, it is determined by the eigenvalues by the Lyapunov’s first method
[140] as follows:

� All eigenvalues with negative real parts: system asymptotically stable.

� At least one eigenvalue with positive real part: system unstable.
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� Some eigenvalues with real parts equal to zero: undetermined in general.

Also, each eigenvalue is related to a system mode, and these modes are
determined as follows:

� A real eigenvalue corresponds to a non-oscillatory mode. A negative
eigenvalue represents a decaying mode, and the larger its magnitude,
the faster the decay. A positive eigenvalue represents aperiodic insta-
bility.

� Complex eigenvalues occur in conjugate pairs, and each pair corre-
sponds to an oscillatory mode. Given a complex pair of eigenvalues
(C.4), the frequency and the damping of such oscillatory mode are
given by (C.5) and (C.6).

λ = σ ± jω (C.4)

f =
ω

2π
(C.5)

ζ =
−σ√
σ2 + ω2

(C.6)

For any eigenvalue λi, the n-column vector φi which satisfies (C.7) is called
the right eigenvector of A associated with the eigenvalue λi. The same occurs
in the case of the left eigenvector (C.8).

Aφi = λiφi (C.7)

ψiA = λiψi (C.8)

It can be demonstrated [139] that the right eigenvector gives the relative
activity of the state variables when a particular mode is excited. The mag-
nitude of the elements of φi give the extents of the activities of the n state
variables in the ith mode, whereas the angles give phase displacements of the
state variables with regard to the mode. Moreover, the left eigenvector ψi
identifies which combination of the original state variables displays only the
ith mode. Thus, the kth element of the right eigenvector φi measures the
activity of the variable xk in the ith mode, and the kth element of the left
eigenvector ψi weighs the contribution of this activity to the ith mode.
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One problem in using these vectors individually for identifying relationships
between states and modes is the dependence on units and scaling. Participa-
tion factors matrix (C.9) is proposed as a solution, which measures the net
participation (dimensionless):

P = [p1 p2 ... pn] (C.9)

pi = [φ1iψi1 φ2iψi2 ... φniψin]T (C.10)
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Appendix D

Transformer parameters determination

An elevator star-delta transformer is used to couple the MMC to the AC
grid. On one hand, in the real system the primary (p) of the transformer
is connected to the 400 kV transmission network, whereas the secondary
(s) side is connected to the MMC, with a voltage of 320 kV. On the other
hand, the primary side of the MMC prototype transformer is connected to
340 V, and the secondary side to 780 V (Table 4.2). Due to laboratory
constraints, the primary side voltage is much lower than the secondary side,
and the transformer was designed to elevate that voltage to the rated MMC
AC voltage.

The parameters of the transformer have to be properly characterised, as
they are used in the MMC prototype inner controller design, and also in
the detailed simulation model. The equivalent single-phase circuit of the
transformer is depicted in Fig. D.1.

Rm Lm

Rs Ls

Ideal
transformer

+

-

+

-

V
p
ph-n V

s
ph-n

Fig. D.1: Equivalent single-phase circuit of a three-phase transformer

D.1 Open-circuit test

The open-circuit test consists of the application of the rated voltage in one
side while the other side is in open-circuit. In this case, two phase-to-neutral
voltages, two line currents and two active powers are measured (Fig. D.2).
The input power corresponds to the iron losses of the transformer. The pa-
rameters Rm and Lm of the equivalent single-phase circuit of the transformer
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(Fig. D.1) can be calculated as

Rm =
V p

ph-n
2

Pph
(D.1)

Lm =
V p

ph-n
2

2π50

√
Ip2 −

(
Pph

V p
ph-n

)2
(D.2)

V

V

A

A

Primary Secondary

Va-n
Vb-n

n

W

W
Vc-n

p

p

p

Fig. D.2: Transformer open-circuit test setup

Note that ph refers to phase, ph-n refers to phase-to-neutral and ph-ph
refers to phase-to-phase. The collected data is summarised in Table D.1.
Note that the values shown correspond to the average of phases a and b.
Steps of approximately 20% of the input phase-neutral voltage in the primary
side of the transformer are applied.

Table D.1: Data from the transformer open-circuit test

V p
ph-n [V] Ip [A] Wph [W]

41.2 0.073 2.19
80.2 0.104 6.60
119.3 0.130 12.75
157.4 0.158 20.65
226.1 0.239 41.45

D.2 Short-circuit test

The short-circuit test consists of the application of a reduced voltage in one
side using a variac, whereas in the other side the three phases are short-
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D.2 Short-circuit test

circuited. In this case, two phase-to-phase voltages, two line currents and
two active powers are measured (Fig. D.2). The applied voltage is increased
until the rated current is reached. Usually, the short-circuit side corresponds
to the lower voltage side (the primary side in this case). Note that as the
secondary winding is in delta configuration, the phase-to-neutral voltages
cannot be measured. This implies that the instantaneous measured active
power given by the oscilloscope is a projection of the single phase active
power, which is taken into account when calculating (D.5). The input power
corresponds to the copper losses of the transformer. The parameters Rs and
Ls of the equivalent single-phase circuit of the transformer (Fig. D.1) can be
calculated as

Rs =
U sph-ph√
3Is cosφ

, (D.3)

Ls =
1

2π50

U sph-ph√
3Is

√
1− cos2 φ, (D.4)

Primary Secondary

Ua

Ub

Uc

V

V

A

A

W

W

s

s

s

Fig. D.3: Transformer short-circuit test setup

where cosφ is calculated as

cosφ = cos

(
cos−1

(
Pph

U sph-phI
s

)
− π

6

)
(D.5)

The collected data is summarised in Table D.2. Note that the values shown
correspond to the average of the voltage measurements Uab and Uac. Note
that the maximum voltage applied to the secondary side, which corresponds
to almost the rated current, is around 3% of the rated voltage.

Finally, the parameters of the transformer are summarised in Table D.3.
The turns ratio of the transformer has been calculated experimentally apply-
ing voltages in the primary side and measuring them in the secondary side
(D.6). With respect to the series and shunt impedances of the single-phase
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transformer equivalent, they are referred to the primary side.

rt =
Upavg

U savg

=
Np

Ns
(D.6)

Table D.2: Data from the transformer short-circuit test

U sph-ph [V] Is [A] W s
ph [W]

27.25 9.40 172.2
21.35 7.30 106.4
15.27 5.16 53.7
10.46 3.42 24.5
5.37 1.61 5.9

Table D.3: Parameters of the transformer

Parameter Symbol Value Units

Turns ratio rt 0.418 -
Rated primary voltage Uprms 520 V
Rated secondary voltage U srms 1250 V
Rated power St 20 kVA
Turns ratio rt 0.4178 -
Winding losses1 Rs 1.6150 Ω
Leakage inductance1 Ls 1.5960 mH
Iron losses1 Rm 6776.6 Ω
Magnetising inductance1 Lm 29.634 H

1Referred to the secondary side (MMC AC side)
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[4] ——, “Interconexión eléctrica por los Pirineos catalanes,” Tech. Rep.,
2011. 1

[5] P. L. Francos, S. S. Verdugo, H. F. Alvarez, S. Guyomarch, and J. Lon-
cle, “INELFE Europe’s first integrated onshore HVDC interconnec-
tion,” in IEEE Power and Energy Society General Meeting, 2012. 1,
8
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