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ABSTRACT

Nowadays there is a movement towards the creation of HVDC grids. The massive integration of renewable en-
ergy sources, the operation of the current grid close to its limits and the need to facilitate the power trade are
some of the reasons driving the research on HVDC grids. Towards HVDC grids, there are still some obstacles
and technical limitations to be confronted. To address these problems, the idea of a DC hub is introduced.

A DC hub is a multiport DC-DC converter, which serves as an actively controlled DC node. The basic
parts of the DC hub are the ports, where AC/DC converters are used and the intermediate AC link. Until now
there is no standardization of HVDC grids and thus, if different projects need to be interconnected a DC-DC
conversion is necessary. A DC hub can offer solutions in the connection of HVDC lines with different voltage
levels and different configurations. Moreover, it can facilitate the power exchange between any two HVDC
lines connected in the DC hub. This thesis deals with the development of a DC hub model and its study
under transient phenomena. More specifically, the ability of the DC hub to aid in the protection of HVDC
grids is examined.

The first step to address this problem is to propose the most suitable multiport DC-DC converter topology.
A literature review over different DC-DC converter topologies took place. The advantages, disadvantages and
the ability to upgrade into a multiport DC-DC converter are examined. The most promising is the front-to-
front topology where either a transformer or an LCL filter is used. In the current thesis, the front-to-front
topology with an intermediate AC transformer is studied.

Before studying the DC fault response, the basic attributes of the DC hub must be acquired. A three-port
DC-DC converter is designed where the state of the art modular multilevel converter is used in every port.
The model operation is validated through step reference changes in the AC voltage, DC voltage, and active
power. Moreover, the control role distribution is suggested, where the port with the higher power rating
operates in AC voltage control mode. Being one of the main attributes, the connection/disconnection of a
line without disturbing the operation of the DC grid is presented. For a smooth transition, the suggested
steps are presented. The next step is to study the natural DC fault response of the DC hub. In the case of
pole-to-ground faults, a design methodology is presented in order to acquire fault ride-through capability.
Finally, the pole-to-pole fault contingency study leads to useful conclusions. A design methodology of adding
large phase reactors between the converter and the transformer is suggested in order to limit the large fault
currents.

The main contributions of this thesis are the following. First, a DC hub average model, using three mod-
ular multilevel converters in front-to-front configuration is provided. Moreover, the DC hub response to line
connection/ disconnection is studied and steps are suggested for a smooth transition. Finally, after studying
the natural DC fault response of the DC hub, the design requirements are provided in order to acquire a fault
ride-through capability.
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1
INTRODUCTION

This chapter describes the background and motivation for the thesis. The objectives and the contributions,
as well as the thesis outline are also presented.

1.1. MOTIVATION
HVDC TRENDS

Nowadays there is a movement towards the creation of HVDC grids.The research for HVDC grids is driven by
the massive integration of renewable energy sources, while these energy sources are mainly located far from
the load centers. Moreover, the current grid is operated close to its limits and there is a need for new lines
construction. Also, there is a need to facilitate power exchange and trade between regional power systems.
Finally, additional flexibility and security in the power systems are necessary. The most optimists can see
a European Supergrid in the future, however, this project will require many years to be completed. To built
such a meshed multiterminal grid, the VSC-HVDC technology is the most suitable for the reasons stated in [1].
Small steps of this big plan are today taken as more and more HVDC point–to–point lines are commissioned
all over the world.

HVDC GRID OBSTACLES

Although HVDC grids have several advantages, there are still some obstacles and technical limitations to be
confronted. One major obstacle in the DC systems is the protection which is more demanding comparing
to the AC systems protection[2]. The DC cable resistance is lower, leading to high-short circuit current with
a steep waveform. Additional reactors can be used in order to limit this current rise. Moreover, DC current
does not pass through zero, and thus instantaneous switching is complicated while, the arc created is not
easily extinguished. Also, the power electronic components of the converters being used are very sensitive to
overloads and should be protected against overcurrents.

The operation of DC circuit breakers is more demanding and when a fault occurs is not acceptable to
disconnect the entire DC backbone. That is why more research is needed. The basic requirements of the DC
breaker can be distinguished as follows: [3]. First, an opposing voltage needs to be created to bring down the
fault current to zero. Second, the energy stored in the inductance of the system needs to be dissipated. Third,
after the current interruption, the circuit breaker needs to withstand the voltage response of the network.
These three requirements cannot be met by a single element this is why different devices are connected in
parallel. The three basic types of DC breakers are the mechanical, the semiconductor based and the hybrid
DC circuit breaker.

CONTROL DEMANDS IN DC GRIDS

Additionally to the advanced protection requirements, DC grids need a demanding power flow control. Re-
newable energy power sources are essential components of the DC grid and their intermittent character re-
quires a more complex and demanding control. Moreover, having a diversified portfolio of renewable energy
sources, an effective control results in a power generation profile of lower variability while introducing addi-
tional flexibility to the power system. A basic difference with the conventional AC grids is the control inertia.
In DC grids where power electronic converters are used and slow governors and generator exciters are absent,
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the control time constants are much smaller. This requires a more complex control but also offers opportuni-
ties for optimization [4]. Another difference is that the frequency as global constant no longer exists, instead,
the DC voltage should be monitored and controlled. Usually, a converter will be responsible for the DC volt-
age control while the others will control their local powers.

DIFFERENT STANDARDS

Today there is still an absence of common standards and there is not an established grid code for the DC
grids. Also, there are different design approaches by the major manufacturers. Moreover, at each iteration
of the technology, the cable ratings rise. As a result, DC lines will differ not only in magnitude but also in
configuration. As a result, elements similar to AC transformers for AC grid are needed to connect different DC
line configurations e.g. symmetric bipolar with symmetric monopolar.

NECESSITY OF DC HUB

In order to create a DC grid there is need to connect different point-to-point transmission lines. The obstacles
towards a large DC grid are the needs for HVDC breakers, a reliable power flow control and the connection of
regional systems with different characteristics. As can be seen in figure 1.1 there is a point in a DC grid where
3 different lines need to be connected. This DC node must have some special features. As the DC lines to be
connected may have not only different voltages but also different configurations. Two different approaches
are presented.

Figure 1.1: Need to connect three different DC lines

DC/DC converters approach This problem can be solved by using DC-DC converters for the interconnec-
tion of each DC line. In this case, three DC-DC converters are needed in total. However, there must be
communication in order to control reliably the power flow. If an extra interconnection is to be made, an extra
DC-DC converter will be needed for the connection of the new line to each of the existing ones. This increases
the cost and makes the protection more complex. When there is need to interconnect more than three lines
this approach is not flexible and reliable.

DC Hub approach The approach of using an element where all DC lines can be connected directly seems
more viable. Such a solution is a DC node seen in the literature as DC hub. This is an expanded DC-DC
converter topology into a multiport where the presence of an intermediate AC link can be of great benefit in
the protection of the DC grid. AC circuit breaker located in the intermediate AC link can be used to interrupt
DC faults instead of using DC breakers. In comparison with DC circuit breakers, AC circuit breakers is a more
mature technology and less expensive. Moreover, the DC hub approach offers the advantages of reliability
and expansion flexibility. This key element can be placed strategically in a DC grid while offering DC voltage
transformation, fault ride-through capabilities and more control options.

1.2. OBJECTIVES
This thesis mainly focuses on the implementation of a modular multilevel converter to high power high volt-
age, multiport DC/DC converters. The objectives of the current thesis are:

• Design of a three-port DC-DC converter (DC Hub).

• Analysis of the DC hub response to a line connection/disconnection.
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(a) DC-DC converters approach (b) DC hub approach

Figure 1.2: Two different approaches

• Analysis of the natural fault response of the DC hub.

• Specify the design requirements in order to provide fault ride-through for different DC fault types.

1.3. MAIN CONTRIBUTIONS
The main purpose of this work is to study the operation of high voltage, high power multiport DC-DC con-
verter during transient phenomena. The thesis contribution is to provide a DC hub average model using three
modular multilevel converters in front-to-front configuration. The model is first verified for normal opera-
tion and the main attributes of a DC hub are acquired. Moreover, the created model is studied during line
connection/disconnection. For a smooth transition, design and operation steps are suggested. Following,
in comparison with DC hub studies already performed in the literature, the pole-to-ground fault is studied
and the fault ride-through capability of the DC hub according to a specific design is presented. Finally, after
studying the natural pole-to-pole fault response, a design methodology is proposed in order to limit the large
fault currents.

1.4. THESIS STRUCTURE
In this first chapter, the motivation and the objectives of this thesis are explained. In order to meet the objec-
tives, the thesis is structured as follows:

Chapter 2 presents the development of high power high voltage DC-DC converters. The different topolo-
gies are categorized and their ability to expand into multiport DC-DC converters is studied. Following, the
different DC hub topologies studied so far in the literature are presented.

Chapter 3 presents the operation principles of MMC. Next, the design procedure of the converter is pre-
sented. The averaging principle is introduced, in which the control model of MMC is based. The different
control levels of the MMC are presented and the Arm-level average model is discussed.

Chapter 4 explains the decisions made for the components of the DC hub. The choices for the converter,
the intermediate AC link, and the DC link configuration are discussed. Moreover, the control role distribution
is presented. Following, the created model is verified in normal simulation through step reference changes in
the controlled values of AC voltage, DC voltage, and active power.

Chapter 5 studies the transient response in the DC hub during a connection and disconnection of a port.
Steps for a smoother transition are suggested. In case of disconnecting the port responsible for AC voltage
control, the capability of the system to maintain its operation is demonstrated. All the ports were studied for
disconnection in two scenarios, the zero-power, and the full-power scenario.

Chapter 6 studies the natural fault response of the DC hub. Furthermore, a design methodology is pro-
posed in order to acquire fault ride-through capability during a pole-to-ground fault. Next, after studying the
response on the more severe pole-to-pole fault, a methodology is presented in order to limit the large fault
currents and acquire a fault ride through capability.

Chapter 7 presents the summary of the thesis with conclusions and possible topics for future work.





2
DC-DC CONVERTERS

A DC-DC converter in a DC transmission system is related to the transformer in an AC transmission system.
The basic functions of the DC-DC converter in a DC grid are the following. First, matching the different DC
voltages. Currently, there is an absence of common standards and at each iteration of technology the cable
ratings are rising, leading to different voltage level lines. Also, there is a difference in voltage levels between
cables and overhead lines. Second, the power flow can be regulated. Third, another function that a DC-DC
converter can have is to interrupt DC fault current. Finally, it has the ability to split a large DC grid into several
protection zones.

2.1. DIFFERENT SCENARIOS AND PARAMETERS SELECTION
There are many DC-DC converters, where different applications will favor different topologies. As seen in [5]
there are three different scenarios.

1. In the first scenario, DC/DC converter is used for the connection between a medium voltage collector
grid and the HVDC transmission grid. The basic requirement for this topology is high voltage ratio. In
this scenario the voltage level is medium.

2. These converters are used to connect HVDC and Ultra-HVDC, usually connecting load centers directly
to higher voltage onshore connection points. The requirements are medium voltage ratio, high voltage
level, DC fault protection and high efficiency.

3. Finally, there is a connection between different DC grids that requires low voltage ratio, high voltage
level, and bidirectional power flow.

There are many applications where a DC-DC converter can be used. A variety of applications results in
a variety of possible designs. The first classification of a DC-DC converter takes place in [6], where the basic
parameters for selecting the desirable converter are presented

• Power rating
• Voltage Ratio
• Needs for galvanic separation
• Fault blocking capability
• Quadrants of operation

Other desired feature may be the ability to connect VSC and LCC technologies. Finally, one parameter
for the selection of the DC-DC converter may be its ability to expand into the multiterminal topology. The
decisive factors that determine the viability of a high-voltage DC-DC converter are the semiconductor losses,
footprint, and initial cost. The performance under fault conditions is a secondary issue. The literature re-
search will focus on different DC-DC converters for high voltages and look for their ability to upgrade into a
DC hub.

Looking through the literature review a first categorization of the DC-DC converters is the number of con-
version stages they have. There are two categories, the two-stage, where there is an intermediate AC link and
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two AC/DC converters are used. The other category is the one-stage, which has no distinct intermediate AC
link. The major advantage of the one stage topologies over the two-stage is that one converter is used instead
of two resulting in a lower number of semiconductor devices leading to lower volume, weight, and cost. The
two-stage topology or the front-to-front topology as it is alternatively named can be further classified based
on the intermediate AC link to transformer and transformerless configurations.

The intermediate AC link of the F2F topology can have two phases or more. Usually, when more power
is required in the AC link than the current cables can handle, more than three phases are used. Moreover,
if the intermediate AC link is not connected to an AC grid, it can have higher frequencies resulting to lower
dimensioning of the passive elements used. Also, the waveform of the AC link can have a different form than
sinusoidal, for example, squared or trapezoidal.

2.2. ONE STAGE CONVERTERS
The one stage converters do not have a distinct AC link. The major advantage is the lower number of semi-
conductor devices resulting in lower volume, weight, and cost. However, the one-stage converters lack mod-
ularity and upgrading into a DC hub is more complex. The major representatives of DC-DC converters are
following presented.

MODULAR MULTILEVEL DC CONVERTER
A first representative of the one stage topology is the multilevel modular DC converter presented by J.A. Fer-
reira in [7]. In this new topology, a secondary loop is introduced in the conventional topology of MMC in
order to exchange power with the primary power loops at the input and output. The decoupling of active
power at different frequencies is based on the principle of orthogonal power flow. In order for the average
power in the capacitor to be zero, the primary and the secondary currents on the DC side of the converter
need to be equal with opposite sign. The topology is not that promising for DC-DC conversion, as it requires
large filter component.

In [8] a comparison between the modular multilevel converter and the dual-active bridge is presented.
The results showed that the efficiency of M2DC for high voltage ratios is low while when the voltages di-
verge for a small percentage, the efficiency is really high. The push-pull version requires a similar amount of
magnetic component for its filtering as the DAB converter, which makes it noncompetitive for high voltage
applications.

BIDIRECTIONAL DC POWER FLOW CONTROLLER
Another converter which can be categorized in the one stage DC-DC converters is a bidirectional power flow
controller presented in [9]. The converter consists of interleaved strings. Each string has two arms and each
arm is divided to an inner and an outer arm. The arm can have cascaded sets of HB or FB cells and an arm
choke. There are inductors that link the strings together in order to establish AC circulating currents. There
are input and output filters, where the output inductances are coupled with a large value. Also, capacitors
are used to sink any high frequency currents. There are two modes of operation step-up and step-down.
Circulating AC currents ensure power balance for the SMs capacitors, a technique similar to M2DC presented
in [7]. Again a big disadvantage is the large value of the output filter inductance and capacitance in order to
attenuate the fundamental AC voltage components from each phase voltage.

Concluding these one stage converters are not that competitive for DC-DC conversion as the conduc-
tion losses due to the secondary AC current are high and the filter requirements are increased. Also, these
topologies may have difficulties in upgrading to a DC hub.

HVDC AUTOTRANSFORMER
Another single stage topology, different than the previous ones is the HVDC-DC autotransformer presented
by Schon and Bakran in [10]. The proposed topology of the HVDC-DC Auto-Transformer is a single stage
DC-DC converter resulting in a smaller footprint. Two MMC converters are connected in series creating the
high voltage DC side. From the two subconverters, the lower one corresponds to the low voltage DC side.
There is also an AC link connection between the upper and lower subconverter with an AC transformer. The
conversion losses and the power rating of the installed transformer can be minimized thanks to the fact that
only a fraction of the actual DC-DC power has to be converted.

A comparison takes place in [10] between the newly proposed topology and the F2F MMC. It is shown
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that in all the cases the HVDC-AT has lower semiconductor effort and higher transferable DC power. In order
to interrupt DC currents additional components are needed and depend on the transformation ratio. In the
optimum transformation ratio of two, it can transfer twice the DC power of the conventional F2F topology.
HVDC-AT is an efficient solution as the transformer used is smaller and has better switching utilization ra-
tio, however, it exposes to high voltage stresses the transformer’s windings and in order to prevent DC fault
propagation needs the HB cells of the outer arms to be replaced by FB.

HYBRID CASCADED DC-DC CONVERTER
Following, a more recent concept of converters that can be classified as one-stage is the Hybrid Cascaded DC-
DC converter presented in [11]. The proposed converter is a polyphase structure, where each phase consists
of a controllable switch and an energy storage device. The controlled switch is a build up from IGBTs in series
similar to a 2-Level converter switch, it has two switches in an arm. While the storage device is created by
cascaded half-bridge submodules like an MMC arm. In order to avoid power flow interruption more than
one phase is used. Through the converter operation, it is shown that it can realize soft-switching thanks
to the highly controllable SMs. The energy variation of the SMs in one period should be zero in order to
assure energy balancing of the SMs. Although the switching losses are low, there are many semiconductor
devices in the conduction path and the RMS current is high, leading to higher conduction losses. Also in [11]
a comparison with M2DC showed that parallel two-level (P2L) does not look promising to replace M2DC.

UN-ISOLATED MODULAR DC-DC CONVERTERS
The most recent attempts to reduce the footprint of the DC-DC converter by using single stage topology can
be seen in [12, 13]. The proposed method is to use the traditional DC/DC converters (buck, boost, buck-
boost) and replace the 2 complementary semiconductor switches with 2 chains of submodules (chainlinks).
Their operating principle and control strategies are similar to the conventional DC/DC converters. In order
to decrease the stresses of the derivative of voltages during transitions, the stepped 2-level modulation is
introduced. The transition time must be much lower than the switching period in order not to affect the basic
operation principle of the converter. Also with the stepped 2 level modulation, the SM capacitor voltages can
be balanced using the same sorting method as in the conventional MMC. In comparison with the M2DC
[7, 9] seen previously having sinusoidal modulation, where the amplitude of the AC circulating current is
lower, decreasing the switching and conduction losses. Moreover, as the required capacitance of the SMs is
decreased, the volume and cost of the SMs also decrease.

2.3. TWO-STAGE CONVERTERS
The following large category of DC-DC converters are the two-stage converters. In this topology, two AC/DC
converters are connected front-to-front, having an intermediate AC link. The first to introduce this concept
was De Doncker in [14, 15] based on the dual active bridge converter. These converters can be further classi-
fied according to their intermediate AC link:

• No use of transformer, use of simple L filter or LCL filter

• Use of transformer

2.3.1. TRANSFORMERLESS TOPOLOGIES
Transformerless topologies with a simple inductance as an intermediate AC link can be used in low transfor-
mation ratios while in medium and higher ratios the use of a transformer is inevitable. The only advantage of
the simple L filter is that the huge AC transformer is avoided, however, there are many disadvantages. First of
all, there is no galvanic separation to act as a firewall stopping a fault on one DC system to propagate to the
other DC system. Moreover, the use of a transformer offers better switching utilization and minimizes the cir-
culating reactive power in the AC link. The main representatives of transformerless topologies are presented
next.

BIDIRECTIONAL, HIGH-POWER DC TRANSFORMER

An LCL filter in the intermediate AC link was first introduced by Jovcic in [16]. The bidirectional, high-power
DC transformer presented is a first representative of the resonant based transformerless topologies. Two
topologies are presented, the bidirectional converter with voltage polarity change (V1 < V2) and the bidirec-
tional with current polarity change. In both topologies, there is a common energy storage capacitor which is
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centrally grounded. Consideration should be taken when choosing the capacitor as its peak voltage should
be 20−30% higher than the high side voltage. Furthermore, the thyristor-based resonant converter is a fre-
quency controlled element and the passive parameters are difficult to be designed.

HIGH POWER IGBT-BASED DC/DC CONVERTER WITH DC FAULT TOLERANCE

Continuing, in[17] the thyristors of the resonant converter are replaced with IGBTs as can be seen in figure
2.1. Compared to the previous thyristor-based converter higher efficiencies can be achieved with lower size
and weight. The following benefits of a well-designed LCL circuit are mentioned: 1) inherent power reduction
which does not depend on protection circuits, 2) considerably lower cost of LCL components compared with
semiconductors, 3) the capability to maintain converter control even during the worst case faults. Thanks to
the internal voltage stepping by the LCL filter the voltage stresses on the switches is low and comparable to
the converter with the internal transformer. However, being single phase leads to large DC current ripple and
lowers the ability to transfer high levels of power. Also, it has no electrical isolation and it steps DC voltage
symmetrically around the central point and therefore it cannot be used with asymmetric monopole HVDC.
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Figure 2.1: High power IGBT-based DC/DC converter

MMC-BASED LCL DC-DC CONVERTER

As being state of the art, offering higher reliability, higher power quality, lower power losses and having a
modular structure, the modular multilevel converter was also introduced in resonant topologies, as shown in
figure 2.2. MMC aided these resonant topologies to have higher efficiencies for all the transformation ratios.
In [18] is presented a MMC-based LCL DC-DC converter having unity transformation ratio, fault-tolerant
capability, and high efficiencies.
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Figure 2.2: MMC-based LCL DC-DC converter

2.3.2. TRANSFORMER TOPOLOGIES
The DC-DC converter topologies found in bibliography where a transformer is used are next presented.

TWO-LEVEL DUAL ACTIVE BRIDGE CONVERTER

The two-level DAB converter is presented in [15]. The basic advantages of DAB are the lower dc-link currents
and decreased turn-off losses. It is composed of two three-phase bridges with IGBTs and antiparallel diodes
and an intermediate three-phase transformer. It has the ability to transfer power bidirectional between the
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two bridges by controlling the load angle ϕ. The two-level DAB is usually operated in a square wave mode
where each arm conducts for 180o creating a six-step voltage waveform to the transformer. Thanks to ZVS and
ZCS the turn-on losses of the switches and the turn-off losses of the diodes are basically zero. Furthermore,
the switching losses can be reduced by using snubbers. In order to minimize the circulating reactive power
in the AC link instead of using pulse width modulation resulting in higher switching losses, low-frequency
modulation schemes like selective harmonic elimination (SHE) are used. The major problem of this topology
is that in higher operating voltages, the rate of change of voltage stressing the intermediate transformer is too
high. These high voltages impressed to the transformer request a more challenging design.

MULTI-MODULE DC-DC CONVERTERS

Another category is the Multi-module DC-DC converter. This topology has a modular structure comprising
of DC-DC converter cells. There can be used bidirectional or unidirectional power flow DC-DC converter
depending on the application. Some of the bidirectional converters are the dual active bridge, the dual half
bridge, and the series resonant converter where each has its advantages and disadvantages [19]. The con-
trol philosophy of each module is individual and as a result, different technologies of power production and
storage systems can be connected to the input. Usually, the cells of one input are connected in series while
in the other in parallel. Higher fundamental frequencies can be used and soft-switching operation will result
in low component volume without significantly reducing the efficiency. The dominant disadvantage of this
topology is the high number of low power transformers with increased isolation requirements, increasing the
volume and cost of the total system.

ISOLATED MODULAR DC-DC CONVERTER

The great advantages of the modular multilevel converter (MMC) over the conventional two-level VSC are
discussed and since MMC has a high efficiency it was next to be used in a front-to-front DC-DC converter
topology. This converter can be seen in [20] and its main features are the low switching losses and low voltage
stresses on the isolation transformer compared to the two-level DAB. Also, during DC faults and during black-
start the full modulation index range is available for voltage control in the AC link.

QUASI-TWO-LEVEL OPERATION OF MMC
As mentioned earlier, the intermediate AC link can have higher frequencies in order to reduce the volume
and cost of the passive components but can also have a different waveform from the traditional sinusoidal
or square waveforms. An obstacle in increasing the DC link voltages is that the derivative of voltages on the
intermediate AC transformer is destructive, requiring special isolation design. A solution to this problem
can be seen in [21] where an MMC with trapezoidal waveform is used. A new design of DC-DC converter is
the Quasi-Two-Level operation of two modular multilevel converters (MMC) in F2F configuration. With this
modulation technique, the semiconductor losses are decreased and the footprint is smaller. A disadvantage
of the Q2L mode is that the modulation index control range gets narrower.

FRONT-TO-FRONT TOPOLOGIES WITH NEWLY PROPOSED AC/DC CONVERTERS

So far the basic topologies of DC-DC converters were discussed. More recent concepts replace the AC/DC
converters seen in the F2F configuration with new innovative hybrid concepts. The VSC-HVDC converters
can be classified into two categories:

1. The low-pulse number converters with PWM (two-level VSC).

2. The very high pulse number, multilevel converters (MMC).

Each category has advantages and disadvantages and an effort of combining the desired characteristics
of the two can be seen in [22]. The MMC converter can achieve better harmonic distortion, eliminating the
need for AC filters. Also, the switching losses are lower thanks to reduced switching frequencies. However, the
number of IGBTs is doubled compared to the 2-level converter. Another disadvantage is that the total stored
energy of DC capacitors is larger in the MMC compared to the 2-level. The building blocks of these new
hybrid converters are the series switch, half-bridge cells, and full-bridge cells. The technique of relatively
small MMC as active filters or wave-shaping circuit is used. The different combinations of these elements in
series or in parallel lead to new innovative designs.
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• Hybrid cascaded two-level converter. The wave-shaping circuit is located on the AC side [23]. The use
of full-bridge modules offers reverse blocking capability during DC fault. However, the large number of
switching devices in conduction path leading to increased conduction losses makes this converter not
prominent for DC-DC high-voltage converters use.

• Alternative Arm MMC.Following, the wave-shaping circuit is on the DC side creating an alternative
arm MMC as stated in the bibliography [24]. There is no path for circulating currents leading to more
efficient utilization of the devices. The efficiency is low due to a large number of switching devices in
the conduction path. This configuration is less likely to be adopted in DC-DC high voltage converters.

• Controlled Transition Bridge.A recently proposed topology for AC-DC conversion is the controlled
transition bridge presented in [25]. The CTB-DAB operating in Q2L is a good solution as it has low
semiconductor losses, small footprint, and low initial cost. Still, further research is required for the
implementation of this hybrid converter in F2F topologies.

• Transition Arm Multilevel Converter operating in Q2L. From a comparison taking place in [26] be-
tween Q2L TAMC and CTB, it is shown that TAMC has a smaller footprint, lower silicon area, and higher
efficiency. An advantage is that IGCTs can be used in the bi-state arms, while a challenge remains the
transformer design. These results show that TAMC is a promising design for a DC-DC converter in high
voltages.

2.4. DC HUB LITERATURE
Similar to the AC substation in AC grids, the DC hub can be viewed as a DC substation in DC grids. The main
objectives of the DC hub are the following [27]:

• It enables the interconnection of multiple HVDC lines at different voltage levels.

• Any HVDC line can controllably exchange power with any other line connected to the DC hub

• It offers connection points for expansion. Any number of new ports can be added to the DC hub.

• Any HVDC line can be easily connected or disconnected from the DC hub without disturbing the op-
eration of the DC grid.

• It offers DC fault clearance using AC breakers on the AC lines of the DC hub.

The fact that the DC hub concept is very recent, results in very few studies seen in the bibliography. These
studies of different approaches for the creation a DC hub are following presented.

2.4.1. TWO PHASE LCL DC HUB

The very first DC hub topology is presented in [27] and can be seen in figure 2.3. Two-level VSC converters
with PWM modulation control are used, connecting DC lines with different DC voltage levels. Also, the LCL
filter technique is used and each converter has its own inductance and capacitance. Mechanical AC circuit
breakers are assumed to be used after the LCL filter of each converter. By controlling the d-q components
of PWM modulated control signals the reactive and the active power of each port can be independently con-
trolled respectively. With an optimal design of the inner LCL filter, the reactive power at the converter bridge
of each port can be minimized only when maximum power is achieved. The frequency in the intermediate
link is higher than 50Hz in order to decrease the passive components’ size, however, this will lead to higher
switching losses. It is important for the operating frequency to be chosen further away from the global and
local resonance frequencies in order to avoid prolonged oscillations. Furthermore, it is shown that the voltage
and power of each port depend only on its own L, C parameters. This gives the ability to connect or discon-
nect any DC line in the hub without affecting the others. Finally, the capability to ride through DC faults is
presented in [27].
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Figure 2.3: Two-phase LCL DC hub

2.4.2. HYBRID MMC-BASED DC HUB
Another topology seen in the bibliography and can be categorized as DC hub is presented in[28]. Three hybrid
modular multilevel converters are connected to a three-phase three-winding AC transformer as shown in
figure 2.4. The MMC converters have in each phase a chainlink of full-bridge submodules which will benefit
in case of a fault. As it concerns the control method, each subconverter can operate in AC voltage, DC voltage
or active power regulation modes. One of them must control the AC voltage of the intermediate AC link. A soft
start is proposed which minimizes the oscillations and surge currents, improving the start-up performance.
During a fault, the continuous operation capability of this topology can be seen. Only the faulted converters
are blocked while the rest of them continue their operation without interruption.
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Figure 2.4: Hybrid MMC-based DC hub

The design of this three-winding three-phase transformer for high voltages will be demanding and occupy
a lot of space increasing the system’s footprint. Moreover, while the use of this transformer can reduce the
total footprint instead of using three two-winding transformers, the addition of a new DC line seems diffi-
cult due to the presence of the three-winding transformer. Concluding, the full-bridge submodules are used
instead of AC circuit breakers in order to connect or disconnect the line with the rest of the DC Hub.

2.4.3. FOUR-PORT DC HUB
Following, a four-port DC hub topology based on a multiport front-to-front type DC-DC converter is pre-
sented in [29].In figure 2.5 four ports can be seen, each of them having an MMC converter connected on a
three-phase common AC bus. Each port may also have an AC transformer if necessary and an AC circuit
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breaker for the disconnection of the port when necessary. The system has the capability to connect different
types of DC line configurations with different voltage levels. A global voltage-controlled oscillator is used to
provide the reference angle for the rotating dq frame. In order to solve the natural instability in the interme-
diate AC link, a control method of an inner balance loop and an external balance loop are presented. Each
port has three modes, AC voltage control, DC voltage control or active power control mode. It is notable that
DC fault ride through is achieved by using self-blocking submodules at 50% of the converters and half-bridge
submodules for the other 50% leading to 25% higher semiconductor needs. Concluding, this topology offers
galvanic isolation and the number of ports can be easily expanded.
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Figure 2.5: Four-port DC hub

2.5. CONCLUSION
Concluding, the main purpose of this literature review was to find DC-DC converter topologies able to up-
grade to DC hub. From the discussed topologies the single-stage designs are not so prominent to be used in
a DC hub as their upgrade may be complex, costly and not efficient. As a result, the most dominant design
is the Front-to-Front topology using modular multilevel converters. MMC is state of the art, offering higher
reliability, higher power quality, lower power losses, having a modular structure and starting to be a mature
technology. Following, a decision should be made for the intermediate AC link, the two dominant options
are the transformer and the LCL filter in order to adapt the voltage level. A transformer is used when there
is a need for galvanic isolation and it offers the following basic advantages. First, it offers better switching
device utilization of both converters and second, it minimizes the circulating reactive power in the AC link
when there is a significant difference between the two DC link voltages. The big disadvantage of a transformer
topology is the high volume, weight, and cost of the transformer. Moreover, in high voltages and in increas-
ing frequencies the insulation design of the transformer can be really demanding. The resonant topology
increases the current and voltage stresses on the switches, however when MMC converters are used it has
shown high efficiencies. As a result, the most dominant option is front-to-front topology with LCL filter in
the intermediate link as it combines small footprint, high efficiencies and an inherent fault ride through ca-
pability. Finally, the intermediate AC link can operate in higher frequencies where a trade-off between the
system footprint and the total losses is presented. As it was discussed the operation mode can be sinusoidal
or quasi-two level (trapezoidal), the last one offers the advantage of lower energy requirements for the cell
capacitors. This leads to smaller footprint but the modulation index control range gets narrower.

From the mentioned DC hub topologies, different approaches for its design with fault blocking capabili-
ties are observed. In the first approach, capacitors and inductors are used in the intermediate AC link in order
to achieve the voltage step between the different DC lines. This approach, while it offers a smaller footprint
by decreasing the inductor’s and capacitor’s dimensions, requires a complex control in order to keep stable
the capacitor’s voltage to a value higher than the ports’ voltages. One major disadvantage is that all the ports
should operate at full power in order to have zero reactive power transfer. Moreover, there is a central AC volt-
age which should always be the higher in the DC hub. This does not allow the connection of a DC line with
higher voltage. The second approach uses an intermediate AC transformer. This three-phase three-winding
transformer makes it impossible to expand the number of port and requires a demanding dimensioning. The
third approach uses a transformer for each port in order to adapt to the central AC bus voltage. In compari-
son with the previous topology, the footprint is larger but there is the ability to expand the DC hub to a higher
number of ports. Naturally, the addition of a new port with an AC transformer will increase even more the
footprint making this topology not so prominent for offshore applications.

Overall, the LCL approach can lead to smaller footprint but has important disadvantages. In the case of
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intermittent renewable energy sources, where power transfer levels change, the fact that in order to have zero
reactive power transfer, the DC hub must operate in full power may lead to reactive power circulation inside
the AC link of the DC hub. Moreover, the limitation of the central AC voltage needed to be higher than the
port’s voltage limits the expandability of the system. Finally, it cannot be used with asymmetric monopole
HVDC topologies because it steps DC voltage symmetrically around the central AC voltage point. The above
characteristics and the important aspects of the DC hub being easily expanded, connecting different DC line
configurations and operating as efficiently as possible in any power level result in the decision of a trans-
former being used in the intermediate AC link of the DC hub.





3
MODULAR MULTILEVEL CONVERTER

In this chapter a general overview of the modular multilevel converter takes place. Moreover, the averag-
ing principle is introduced in which the control design is based. The design procedure of an MMC is pre-
sented and finally, the MMC control is analytically presented. A big part of this chapter is based on the books
[30],[31].

3.1. GENERAL OVERVIEW
Modular multilevel converter introduced by Prof. Marquardt in 2002 [32] belongs in the category of voltage
source converters (VSC). Specifically, MMC is a cascaded multilevel converter and its fundamental block is a
submodule. The submodules are also referred to as cells or chain links in the bibliography.

Following the three-phase modular multilevel converter is discussed. As it can be seen from figure 3.1
each phase leg has two arms. Each arm consists of a series connection of submodules and an arm reactor.
The two basic categories of submodules are the half-bridge and full-bridge. In the current thesis, the half-
bridge submodules are going to be used resulting in lower semiconductor switches count leading to lower
cost, weight, and size.
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Figure 3.1: Single phase modular multilevel converter

3.1.1. SUBMODULES
The half bridge submodule is equipped with a capacitor and two switches. The switches are controllable
power semiconductor devices with an antiparallel diode. A submodule can be seen in figure 3.1. There are
three possible states for the submodule depending on the switching state of the semiconductor devices.

1. Inserted: When S1 is turned off and S2 is turned on. The submodule capacitor is inserted in the arm
circuit. Depending on the direction of the arm current, the capacitor can either charge or discharge.

15
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2. Bypassed: When S1 is turned on and S2 is turned off. The capacitor is bypassed. The capacitor voltage
is constant disregarding the arm current direction.

3. Blocked: S1 and S2 are turned off. This operation mode is applied during the energization of the
converter or for short time periods during faults. Depending on the current direction, the capacitor
can charge through the antiparallel diode of S2 but cannot discharge.

3.1.2. MMC COMPONENTS
Arms As it can be seen from the figure 3.1, each arm consists of submodules connected in series with an
inductor and a resistor. In the following analysis, the sum of the output voltage of the submodules in each
arm can be studied as a variable voltage source, namely the inserted voltages uu,l . Moreover, the inductor L
represents the arm inductance. Finally, the resistor R represents the conduction losses of the arm inductor
and the submodules. It is noted that because of the switching nature of the submodules, the resistor R will
vary, but this variation depending on the operating conditions will be small.

DC side A lumped model is used to represent the pole-to-neutral capacitances of the positive and negative
pole DC cables of an HVDC point-to-point transmission line. It is assumed that the DC bus has capacitive
characteristics. A pole-to-pole capacitance Cd is used for the dynamic modeling. Moreover, the assumption
of a balanced DC bus is made:

udcu = udcl =
udc

2

AC side On the AC side, the converter is usually connected to an AC grid via a transformer. The transformer
used for the voltage stepping also offers galvanic isolation and tap changer. The most common transformer
configuration is star grounded on the grid side and delta ungrounded on the converter side offering a high
zero sequence impedance. Furthermore, an AC circuit breaker is located on the point of common coupling
and a pre-insertion resistor with parallel bypass breaker are used to prevent high inrush currents during the
converters connection. Similar to the 2-level converter, the modulation index is determined by the magnitude
of the AC side and DC side voltages. In the case of MMC, the AC side voltage is replaced by the inner emf us .

ma = ûs

Vd /2

3.1.3. CURRENTS AND DYNAMICS
The currents of the MMC are defined as follows. The currents flowing through the leg are divided to upper
arm current iu and lower arm current il . The sum of the mean values of the arm currents must equal the
DC-bus current idc in order for the DC-bus voltage to be constant.

M∑
k=1

−
i k

u,l= idc

Two other currents that are defined are the circulating ic and the output current is . The following equa-
tions apply.

ic = (iu + il )/2 (3.1)

is = (iu − il ) (3.2)

Which following can be solved for the arm currents:

iu = is

2
+ ic (3.3)

il =− is

2
+ ic (3.4)

By applying the Kirchoff’s voltage law in the figure 3.1 for a single phase, the following relations are ob-
served:
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udc

2
−uu −Riu −L

duu

d t
= ua (3.5)

−udc

2
+ul +Ril +L

dul

d t
= ua (3.6)

Following, by manipulating the above equations:

L

2

dis

d t
= −uu +ul

2
+ua + R

2
is (3.7)

L
dic

d t
=−uu +ul

2
+ ud

2
−Ris (3.8)

An important conclusion made from the above equations is the definition of the output voltage us driving
the output current is and the internal voltage uc driving the circulating current ic :

us = −uu +ul

2
(3.9)

uc = uu +ul

2
(3.10)

3.2. AVERAGING PRINCIPLE
An average dynamic model of the modular multilevel converter is used. This averaged model is the base
for the control system design. This model is simple and as the name suggests is based on averaging. Only
inserted and bypassed modes are considered for the submodules.

Two basic assumptions are used for the averaging. First, the submodule insertion indices have a discrete
nature and can attain two values, 0 when a capacitor is bypassed and 1 when a capacitor is inserted. Following
the per-arm insertion indices have N + 1 discrete values. Assuming that the number of submodules in the
arm is large enough, the per-arm insertion indices can be approximated as continuous on [0,1]. Following,
by introducing the per arm insertion indices:

nu,l =
1

N

N∑
i=1

ni
u,l (3.11)

The second assumption concerns the submodule balancing. The insertion voltages can be expressed as:

uu,l =
N∑

i=1
ni

u,l ui
cu,l (3.12)

Submodule balancing can be very accurate leading to very small differences between the capacitor volt-
ages that can be neglected. As a result, the individual capacitor voltage can be approximated by the average
value of the arm voltage divided by the number of the submodules [33].

uu,l =
N∑

i=1
ni

u,l ui
cu,l ≈

N∑
i=1

ni
u,l

uΣcu,l

N
=

uΣcu,l

N

N∑
i=1

ni
u,l (3.13)

Equation 3.13 can be simplified by using the per arm insertion indices:

uu,l = nu,l uΣcu,l (3.14)

This simplified equation is the product of two continuous values. Using the averaging principle it is im-
plied that the switched-mode operation of the MMC is disregarded.

The averaging principle is also used in the capacitor voltages. The equation for each capacitor voltage
follows:

C
dui

cu,l

d t
=

N∑
i=1

ni
u,l iu,l (3.15)
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By summing over all the capacitor voltages and introducing the per arm insertion indices, equation 3.15
is simplified to:

C

N

duΣcu,l

d t
= nu,l iu,l (3.16)

It can be seen that the effective arm capacitance is equivalent to C/N.
Finally, the averaged dynamic model for the currents can be found by substituting 3.14 in equations

3.7,3.8.

L

2

dis

d t
= −nuuΣcu +nl uΣcl

2
+ua + R

2
is (3.17)

L
dic

d t
=−−nuuΣcu +nl uΣcl

2
+ ud

2
−Ris (3.18)

Moreover by introducing the equations 3.3, 3.4 in 3.16, the averaged dynamic model equations for the
MMC are complete.

C

N

duΣcu

d t
= nu(

is

2
+ ic ) (3.19)

C

N

duΣcl

d t
= nl (− is

2
+ ic ) (3.20)

3.3. DESIGN PROCEDURE
In every port of the DC Hub, a modular multilevel converter is used. The design of an MMC is a complex and
not straightforward procedure. The design begins with the required power and voltage ratings and continues
with the initial values of the converter components. In order to tune the main-circuit parameters, various
calculations and simulations are performed. As a result, the whole process presents an iterative character.

Main inputs First of all the main parameters that characterize the converter are the rated power and volt-
age of the port. In an HVDC project, a certain amount of power is transmitted. As a result, the converter
is dimensioned according to the transferred power of the DC link. Following, the DC link voltage is chosen.
High-voltage extruded cross-bound polyethylene (XLPE) cables are mostly used for power transmission in-
volving MMCs. Based on the different manufacturers, the DC cables are available on standardized voltage
levels.The chosen values for the DC side voltage level of the MMC are based on these available voltage levels.

Semiconductor Devices The next component to be decided is the power semiconductor switch that is go-
ing to be used in the submodule. In comparison to the 2-level VSC operating in high frequencies with PWM,
MMC operates in lower frequencies. As a result, devices operating in lower frequencies with low voltage drops
and high voltage ratings are preferably used. Half-bridge submodules are chosen, the submodule technology
also affects the current ratings. The current ratings of the semiconductor devices are determined not only by
the normal operation but also from the fault operation. In normal operation the arm current flows through
the submodules and the peak value of the current that should be handled equals:

Iar m,r =
Idc,r

3
+ Îs,r

2

where Idc,r is the rated current on the DC-side(absolute value), Îs,r is the peak value of the AC-side current
at the rated operation.

The fault currents during DC side short-circuits need to be studied in order to make a decision for the
semiconductor switches current ratings. In case of a DC-side fault, which is studied in the next chapters, the
controlled power semiconductor switches are blocked and the current flows through the antiparallel diodes.
Following, the circuit breakers on the AC side will interrupt the fault current. In this case, the antiparallel
diodes should be dimensioned in order to handle the fault current. There are other cases where special mea-
sures are taken. Like the use of large thyristors in parallel with the submodule conducting only in the fault
situation instead of the antiparallel diode or when a DC side circuit breaker is used.
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Number of submodules At this point still, important data which will enable the designer to make some
choices is missing. The important parameter of the submodule capacitance is still unknown being an obstacle
to the decision of the submodules total number. A rule of thumb [34] is used for the total energy storage of
the converter which has to be between 30−40k J/MV A.

Following, the average sum capacitor voltage per arm uΣ
cu,l and the average submodule capacitor voltageVc

need to be calculated. The average sum capacitor voltage per arm uΣ
cu,l can be taken equal to the rated DC

side pole-to-pole voltage Vdc

uΣ
cu,l =Vdc

In case of modulation index higher than one, when using full-bridge submodules, the uΣ
cu,l can get a

higher value.
Moreover, the average capacitor voltage Vc choice should be made by considering 5 main quantities:

• the average submodule capacitor voltage with respect to reliability due to cosmic ray

• the submodule capacitor voltage ripple in the operation where this ripple is maximum

• the overvoltage due to the stray inductance of the submodule when switching the maximum arm cur-
rent

• the maximum submodule capacitor voltage during ac-side faults

• the maximum submodule capacitor voltage during dc-side faults

The first factor is chosen based on experience. For the second, an assumption for a 10% ripple can be
made or the rule of thumb for the total converter energy storage requirement can be used. In the third, the
value of the stray inductance of the commutation path of the submodule should be known, which can be
found through numerical methods. The last two should be confirmed through simulations. Concluding an
initial value for the number of submodules can be given by:

N =
uΣ

cu,l

Vc

At this point, it is noted that more submodules can be used in order to have redundancy in the system
and this value can be chosen based on estimations on the system reliability.

Submodule capacitance The submodule capacitor is probably the most important part of the converter.
The capacitors comprise a big part of the total system’s size, weight, and cost. The capacitor size is connected
to the capacitor voltage ripple. While a large capacitor value will lead to a small voltage ripple, it will also
lead to bigger total size and higher cost for the converter. Moreover, there is a trade-off between the cost of
the capacitor and the cost of the semiconductor devices in a submodule. Again real-time or time-domain
simulation can be performed in order to optimize this value. As mentioned earlier, in order to get a first value
for the submodule capacitance, the rule of thumb where the total stored energy in the system is between
30−40k J/MV A is used.

Arm inductance There are three main aspects in order to choose the arm inductance [35].

1. Part of the link inductor

2. Prevention of circulating current resonance

3. Suppressing the fault current

Part of the link inductor The arm inductance Lar m in the MMC is part of the link inductor, in the way of
connecting the MMC with the rest of the system. When looking from the AC side the two arm inductors are
seen in parallel, as a result, the half of the inductance is counted Lar m/2. Other parts of the link inductor can
be the inductance of the link transformer LTr or the inductance of phase filters L f .

A bigger link inductance Xl i nk , corresponds to slower changes for the output current when following a
reference value. Moreover, the bigger the Xl i nk , the higher the reactive power consumption. One advantage
of a big Xl i nk is that it can suppress the negative-sequence current better.
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Circulating current resonance The value of the arm inductance should be chosen appropriately for the
series resonance angle frequency to be far away from the circulating current resonance angle frequency.

Suppress the fault current The value of the arm inductance depends on the way the short-circuit faults are
handled. In the current thesis, the DC fault is studied so the arm inductance is chosen for the worst case of
DC pole-to-pole short-circuit.

First of all, before the submodules are blocked, the arm inductor should protect the power transistors
from a high inrush current rise. The following equation should be satisfied:

Lar m = VDC

2α
(3.21)

where α[k A/s] is the maximum current rise rate.
After blocking the submodules, the antiparallel diodes will conduct. There is the case where special equip-

ment is used to conduct the current during the fault instead of the antiparallel diodes. In the other case, the
antiparallel diodes of the submodule conduct during the fault. In this case, the arm inductor will be dimen-
sioned in order to protect them from high currents.

3.4. MMC CONTROL
The control of modular multilevel converter is cascaded and is more complex compared to the 2-level volt-
age source converter. An overview of a typical control system can be seen in figure 3.2.First, the higher-level
control, where the inputs of this stage can be the AC voltage, DC voltage, active and reactive power. While
the output is the output-current reference entering the next control stage of output-current control. Also, in
this stage, the measured output current is the other input, while the output of this stage is the output-voltage
reference. So far the control system is similar to the 2-level converter. Because of the higher complexity of
MMC, a new stage is added, the arm-balancing control. This stage comprises the circulating current control
and the sum capacitor voltage control. The output is the insertion indices entering the next stage of modu-
lation and submodule balancing. In this stage, the measured capacitor voltages are the inputs Finally, based
on the insertion indices and the submodule capacitor voltages the gate signals for all the submodules are
generated.
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Figure 3.2: MMC control overview

As far as it concerns the choice of the two-dimensional frame, there are two main classes for representing a
space-vector: the alpha-beta frame and the dq-frame. The stationary dq-frame is chosen in this thesis. In the
dq-frame, the signals can be seen as DC values under stable operation. This results in DC command tracking
problem instead of a sinusoidal tracking problem. Following, simpler proportional integral controllers can
be used instead of proportional resonant controllers.

3.4.1. PHASE-LOCKED LOOP
The converter control is synchronized with the line voltage through the phase-locked loop (PLL). The PLL
calculates the grid’s phase synchronous angle required for the dq transformation. The role of the PLL is to
align the grid voltage with one axis in the dq-frame. This is succeeded via a closed-loop control with three
main components, a compensator, a saturation block and a voltage-controlled oscillator (VCO) as can be
seen in figure 3.3.
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The input of the PLL is the three-phase grid voltage VG ,abc which is then transformed to the dq-frame
VG ,d q . In this thesis, the d coordinate is chosen to be regulated to zero in the steady state. The compensator
is designed to establish a zero steady-state error. The poles and zeros of the compensator’s transfer function
are regulated on the basis of the needed phase and gain margins and the PLL’s closed-loop bandwidth.

The output of the compensator is the rotational speed ω of the dq-frame. It is needed to be defined in a
narrow range in order to avoid large variations via a saturation block. Lastly, the acquired rotational speed
of the dq-frame ω is integrated via a voltage-controlled oscillator. The output of this integration is the grid’s
phase synchronous angle θ. Whenever θ reaches 2π is reset to zero. The control loop closes using this value
for the new dq-transformation of the grid voltage.

 H s


VCO

abc

dq



Gqv



,G abcv
Gdv

Figure 3.3: Phase-locked loop

3.4.2. HIGHER-LEVEL CONTROL

On this stage, the reference of the output-current is generated. The inputs depend on the control mode of
the converter which can be active or reactive power control mode, AC voltage control mode and DC voltage
control mode.

It is known that the active and reactive power control can be decoupled in d and q components. As a
result, the controllers are divided into two main categories. First, the active power channel including active
power controller and DC voltage controller. Second, the reactive power channel consisting of the reactive
power controller and the AC voltage controller.

Depending on the systems specifications and network configurations only one controller from each chan-
nel can be used. Proportional-integral controllers are employed in order to achieve a zero steady-state error.

The values of the active and reactive power in a three-phase abc-frame are the following[30]:

pac = 3

2
(ua ia +ub ib +uc ic ) (3.22)

qac = 1p
3

(uabia +ubcib +uc aic ) (3.23)

These equations can be transformed into dq-frame using the Park transformation and preserving the
magnitude of the phase quantities the following equations are derived:

pac = 3

2
(vd id + vq iq ) (3.24)

qac = 3

2
(vq id + vd iq ) (3.25)

As mentioned earlier, by implementing the PLL control, the q-axis of the dq-frame is alligned to the AC
network voltage, resulting in ud = 0 and :
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pac = 3

2
vq iq (3.26)

qac = 3

2
vq id (3.27)

From the above equation, it is clear that active power is controlled through iq and reactive power is con-
trolled through id . As a result, independent control of active and reactive power is achieved.

The input of the PI regulators is the error between the power reference and the measured power. The
power error is transformed into a current reference and it is saturated before forwarded to the output-current
control stage. A current limiter is used to maintain the current references within the converter’s current limits.
The analytical equations of the implemented controllers are seen next and the block diagrams are presented
in figures 3.4 and 3.5.

i∗C q = (p∗
ac −pac ) ·

(
Kp,p + Ki ,p

s

)
(3.28)

i∗C d = (q∗
ac −qac ) ·

(
Kp,q + Ki ,q

s

)
(3.29)
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Figure 3.5: Reactive power controller

DC voltage controller The DC voltage controller is very important in a VSC HVDC transmission system. By
controlling the q-component of current and adjusting the amount of active power flowing in or out of the
network, the DC voltage is controlled at a certain level. A possible approach is for the controller to work on
the error of DC voltage. However, in this case, the closed loop dynamics depend on the operating point since
IDC is inversely proportional to VDC . The control approach followed is to work on the energy error avoiding
nonlinearity problems. The energy Wc stored in the DC capacitor is proportional to V 2

DC and given by:

Wc = 1

2
CV 2

DC (3.30)

The analytical equation of the implemented controller is seen next and the block diagrams are presented
in figures 3.6.
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i∗C q = (W ∗
c −Wc ) ·

(
Kp,DC + Ki ,DC

s

)
(3.31)
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Figure 3.6: DC voltage controller

AC voltage controller There are two different approaches to control a VSC system. The first one is the
current-mode which is used in the previous controllers. In this approach, there is a dedicated control loop
which regulates the VSC line current. There are also saturation blocks limiting the current references. In this
way, the converter is protected from overloads. This approach is the most commonly used as it offers superior
dynamic performance, higher control precision, and robustness[30].

The second approach is the voltage-mode control which is simpler with a lower number of control loops.
However, due to the absence of the VSC line current loop, the converter is not protected against overcur-
rents.This approach is implemented on the AC voltage controller and can be following seen in figure 3.7. In
this case both d,q components are used in order to control the AC voltage. The V ∗

AC ,d is given equal to zero
while V ∗

AC ,d is given according to the modulation index we want to achieve.
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Figure 3.7: AC voltage controller

F2F connection of three MMCs In the front-to-front topology, three MMC connect their AC sides in an
intermediate AC link. Current-mode control approach is commonly used for MMC. In this approach, the
line current of the converter is controlled to a specific reference. By changing the command references of
active or reactive power channels the reference of the output current changes and the output current adapt



24 3. MODULAR MULTILEVEL CONVERTER

to this new value on steady state. The connection of three MMC in front-to-front configuration can be seen
as three current sources connected to a node. Consequently, Kirchhoff’s current law should be followed. In a
system where one converter is operating in power control mode while the other in AC voltage control mode
and the third one in DC voltage control mode that is not the case. There exists a natural instability in the
intermediate AC link in the way that the algebraic sum of the AC line currents in the central AC node is not
zero. As the Kirchhoff’s law is always followed, the control approach need to be adapted.

A way to solve this problem is to change the control approach in one port from current-mode to voltage-
mode. With this approach the current of one line is uncontrolled, giving the freedom to stabilize the system.
The Kirchhoff’s current law can be applied, as a result, the current of this line is going to be the sum of the
other two. The same conclusion can be reached for an N-port DC hub, where N-1 ports operate in current-
control mode while the one in voltage-control mode.

Effective DC bus capacitance In the modular multilevel converter, the distributed arm capacitances are
operating as a voltage source and are responsible to maintain the DC-link voltage at a specific level. The
DC capacitors correspond to the main inertia source of the system and their size influences the power flow
control and the controller’s bandwidth. For that reason, their size is carefully calculated based on both steady-
state operation and desired transient behavior. In [31] the DC bus dynamics are studied and the submodule
capacitors were included. The contribution from the submodule capacitors results in a larger effective DC-
bus capacitance Ce f f according to :

Ce f f =Cd + 2MC

N
(3.32)

where M is the number of phases, N the number of the submodules, Cd the DC cable capacitance, C the
submodule capacitance.

3.4.3. OUTPUT-CURRENT CONTROL

In a VSC independent control of active and reactive power power is achieved by regulating the voltage drop
across an inductance and by controlling the current flowing though it. The following equation applies:

v f −uc = RT ic +LT
d

d t
(ic ) (3.33)

Which in the dq-frame results in the following state-space equations:

v f d −ucd = RT icd +LT
d

d t
(ic d)−ωLT (icq ) (3.34)

v f q −ucq = RT icq +LT
d

d t
(ic q)−ωLT (icd ) (3.35)

where;
ic is the converter current in the rotating frame [A];
v f is the AC network voltage in the rotating frame [V];
uc is the converter voltage in the rotating frame [V];
RT is the total resistance between the VSC and the AC grid [W];
LT is the total inductance between the VSC and the AC grid [H] and

Using Laplace transformation in the above equations, the equivalent block model can be derived as seen
in figure 3.8.

The current reference provided from the higher control level is compared to the measured current through
the inductance. In order to have a zero steady-state error, a compensator is used. The proportional integral
(PI) controller transforms the current error into a voltage error. This voltage error is next subtracted from the
converter voltage resulting in a reference voltage value. The block diagram of the output-current controller
(OCC) is presented in figure 3.9.
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Figure 3.8: Phase reactor block

3.4.4. CURRENT LIMITER
In order to maintain the current at the converter within limits, a current limiter is needed. The output current
controller provides the reference current value. This value is following compared to a maximum allowable
value. If the current is higher than the limit then has to be limited. The magnitude of the current vector is
given:

|i∗| =
√

i∗2
d + i∗2

q (3.36)

Depending on the converter, there are three limitation modes that can be applied. These three possible
modes are shown in figure 3.10 and are the following:

1. d-axis priority: reactive power is prioritized to help voltage restoration. In this case, d-axis current re-
mains stable and q-axis is reduced. This strategy is mostly applicable in case of weak grid connections.

2. q-axis priority: active power is considered more important and therefore only d-axis current is limited,
while q-axis current is preserved.

3. proportional limitation:both d-, q-currents are decreased proportionally.

3.4.5. ARM-BALANCING CONTROL
The internal dynamic equations of an MMC were derived in section 3.2 and are presented again in the fol-
lowing equations:

L
d

dic
= ud

2
−uc −Ric (3.37)

C

N

duΣcu

d t
= nu

(
is

2
+ ic

)
(3.38)

C

N

duΣcl

d t
= nl

(−is

2
+ ic

)
(3.39)
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Figure 3.10: Current limiter modes of operation

From the equations, it can be seen that the output current is not available in the arm-balancing control.
As a result, by controlling the circulating current, energy is transferred in and out of the arms by charging and
discharging the SM capacitors.

The arm-balancing or internal control is divided into two tasks. First, the control of the circulating current
in order to converge to a DC component given by:

i∗c = Id

3
(3.40)

Second, the mean values of the sum capacitor voltages in each arm should converge to the DC pole-to-
pole voltage.

uΣ
cu,l =Vdc (3.41)

Circulating current control So far, the dq-frame has been used for the design of the controllers for the
higher and output-current levels, however, for the circulating-current controller, the abc-frame is going to be
used. The reasons for this decision are the following [36]:
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1. In case of additional harmonics, additional park’s transformations are needed, increasing the complex-
ity of the controller.

2. dq-frame does not provide direct and explicit control of the circulating current independently by phase.

In comparison with the previous control levels, where dq-frame and proportional integral controllers are
used, for the circulating current controller proportional resonant controllers (PR) are implemented.

The differences in the arm voltages in the MMC legs lead to the creation of a circulating current flowing
within the MMC. This circulating current does not affect the output current and voltage. However, it increases
the RMS value of the arm current, resulting in bigger power electronic components and higher losses. For that
reason, there is a need to mitigate the circulating current within the converter.

According to [33], it is observed that the stored energy in each phase of an MMC has a double frequency
component. The energy is stored in the submodule capacitors resulting in double frequency component
for the submodule voltages. The inserted submodule output voltages uu,l drive the circulating current ic .
This results in a double frequency component in the circulating current. Moreover, there is a DC current
equals idc /3. Also, during the transients, there is a quadruple harmonic component in the circulating current
[37]. In order to mitigate both double and quadruple harmonic component, two proportional resonant (PR)
controllers are connected in parallel. Each of them achieves high bandwidth in the corresponding resonant
frequency.

The circulating current dynamics are given by the equation 3.42.

L
d

dic
= ud

2
−uc −Ric ⇒ ic = 1

sL+R

(ud

2
−uc

)
(3.42)

Taking the above equation and adding the feedforward term ud
2 −Ri∗c to compensate for the half DC pole-

to-pole voltage term and the resistive voltage drop, the control law for obtaining the reference for the voltage
driving the circulating current:

u∗
c = ud

2
−Ri∗c −Ra

(
1+ 2α2s

s2 + (2ω1)2

)
(i∗c − ic ) (3.43)

The biggest contribution in the above equation comes from the ud
2 . As a result, the contribution of the PR

controller is small.
The proportional gain of the PR controller equals to Ra . The circulating current controller does not need

to be as aggressive as the output current controller, for this reason, it is chosen[31]:

R ¿ Ra ≤ Kp

Kp is the gain of the output-current controller.
The bandwidth α2 is chosen to be smaller than the angular frequency ω1.
The circulating current reference i∗c is taken by passing the circulating current ic through a Butterworth

filter.
A per phase equivalent of the circulating current control can be seen in figure 3.11.

Closed-loop voltage control In this control stage, the basic inputs are the reference for the voltage driving
the circulating current v∗

c , the output voltage reference u∗
s and the sum capacitor voltages for the upper and

the lower arm uΣcu ,uΣcl . The main role of this stage is to calculate the insertion indices and forward these
signals to the modulation and submodule balancing stage.

nu = u∗
c −u∗

s

uΣcu
(3.44)

nl =
u∗

c +u∗
s

uΣcl

(3.45)
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Figure 3.12: Closed-loop voltage control

Bandwidth In order for the closed-loop system to remain stable, there is an upper limit for the closed-loop
bandwidthαc . According to a rule of thumb [38] it should be at least 10 times lower than the angular sampling
frequency ωs .

αc ≤ ωs

10
(3.46)

In the current thesis the switching frequency is selected at 600H z. The maximum closed-loop bandwidth
is αc = 377kr ad/s. The output-current controller is the "heart" of the system, as a result it should be faster
than the outer controllers. Based on the analysis of the DC voltage controller closed-loop transfer function in
[39] :

Kp,DC ≤ 1

8
αcC ⇒αdc ≤ 0.125αc (3.47)

As it is advisable to keep an extra safe margin [40]. The simplifications included neglect the PLL influ-
ence, the crosscoupling of d,q axes, the converter switching behaviour etc. Following, in order to guarantee a
sufficient gain to damp voltage oscillations :

Ki ,DC

Kp,DC
¿ αc

4
, i f

Ki ,DC

Kp,DC
≤ αc

8
=αdc ⇒ Ki ,DC ≤α2

dcC (3.48)

The bandwidth of the active and reactive power controller should not be larger than the DC voltage con-
troller. The dynamics of the reactive power channel depend on the impedance of the AC grid and as a result,
it can be tuned only by trial and error.

The gains of the controllers are calculated in the SI based on the equations shown in table 3.1. The quan-
tities Vbc , Ibc ,Sbc are the base AC voltage, AC current, and power values of the converter respectively, while
Vdcr is the voltage base of the DC grid.
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Table 3.1: Controller gains

Controllers Kp Ki

OCC acpu Lpω acpu Rpω

Active power adcpu Cdcpu Ibc /Sbc a2
dcpu

CdcpuωIbc /Sbc

Reactive power adcpu Cdcpu Ibc /Sbc a2
dcpu

CdcpuωIbc /Sbc

DC votlage adcpu Cdcpu 2Ibc /(CV 2
dcr ) a2

dcpu
Cdcpu 2ωIbc /(CV 2

dcr )

AC votlage adcpu Cdcpu a2
dcpu

Cdcpuω

3.4.6. ARM-LEVEL AVERAGE MODEL
For the model simulations, MATLAB/Simulink is used. Simulink is a time-domain circuit simulator. Its ad-
vantages are that the control circuit and the power circuit can be defined separately, which is conceptually
closer to the real converter system.

The modeling of the MMC is inseparably connected to the control. There are many modeling approaches
for the MMC with different degrees of detail. There are very detailed models like the switch-level average
(SLA) presented in [41]. In such a model, the level of detail goes down to the semiconductor switches of the
submodule in an MMC. This level of detail allows studies concerning semiconductor device losses, switching
transients, harmonic analysis and internal fault and protection design. Unfortunately, such detailed models
having many switching elements lead to excessive computational efforts and long simulation times.

The focus of this thesis is on the power system level. The transient stability and faults response on the
DC-side link are studied. For this reason, a less-detailed model is used, resulting in shorter simulation times.
The arm-level-average model is based on the leg-level average model first introduced in [42]. Following, the
arm-level average model and its integration into the control part are presented.

The block of the arm-level average model is shown in figure 3.13. As it can be seen, the ALA block is
part of the power circuit of the MMC model. The ALA model presented in [31] is based on the the internal
dynamic equations provided by equations 3.18, 3.19 and 3.20. This model represents the dynamics of the
sum capacitors’ voltage in each arm and it is seen as a controlled voltage source. The block contains both
power and control circuits.

The control signals are:

1. The insertion indices nu,l from the voltage control balancing represent the one signal input.

2. The arm current iu,l is the second input

3. The sum capacitor voltages uΣu,l of each arm is the main output of this block

The insertion indices nu,l represent continuous values in the range [0,1]. The multiplication of the nu,l

with the uΣu,l results in the inserted voltages vu,l of each arm. This controlled voltage source is incorporated
to the main circuit of the MMC along with the arm inductance Lar m and arm resistance Rar m .

Furthermore, a second power circuit is present inside the ALA block. The multiplication of the nu,l with
the iu,l results on the equivalent current through the capacitors icu,l . This is represented by a controlled
current source which is connected in series with the equivalent arm capacitance C /N . Also there is a voltage
measurement for the uΣu,l .

This model offers low computational times but ignores the PWM dynamics aspects, the discrete nature of
the insertion indices and the capacitor voltage unbalance within the arm. Moreover, the situations where in
case of a fault, the submodules should be blocked cannot be represented by the ALA model. In the current
thesis, fault contingencies are studied, for that reason, the ALA model should be enhanced to the arm-level
average model with blocking capability.

ALA-BLK
The understanding of ALA-BLK model is easy after the simple ALA model is studied. In this model, the block-
ing state of the submodule is represented, where both switches of the half-bridge circuit are turned-off based
on a solution presented on [43].As it can be seen from the figure 3.14 the following circuit elements are added:

1. A normally closed switch Sbl k . The switch opens in case of fault with a signal produced by the protec-
tion circuit.
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Figure 3.13: Arm-level average model

2. A bypass diode Dbp1 representing the upper switch antiparrallel diode of the submdodule as presented
in figure 3.1.

3. A bypass diode Dbp2 representing the lower switch antiparrallel diode.
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Figure 3.14: Arm-level average blocking model

In normal operation Sblk switch is closed. The bypass diode Dbp1 is reverse biased. In case of a fault where
the current reaches a specified threshold, a signal is sent from the protection circuit to open Sblk . In this way,
the semiconductor controlled switches are protected from overcurrent. In case of a positive arm current, the
Dbp2 conducts and the capacitors are charged. In case of a negative arm current, the Dbp1 conducts and the
capacitors are bypassed.

3.5. SUMMARY
For the creation of a DC hub, the MMC is the most basic and important component. For that reason, a
general overview of the MMC topology and operation is presented. The averaging principle introducing the
arm insertion indices and assuming a very accurate submodule balancing is next presented. Moreover, based
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on the averaging principle, the control levels of the MMC are presented. The higher-level, output current
controller, and arm-balancing controller are presented. The control structure of port 1 and 2 are presented in
figure 3.15, and the control structure of port 3 is presented in figure 3.16 Finally, the arm-level-average model
and the enhanced arm-level-average blocked model for the fault contingencies are presented.

   

   

+

+

+

Output
Current

Controller
(OCC)

Circulating
Current

Controller
(CCC)

Outer 
Controllers

Voltage 
Controller

*P
*Q

*

DCV

*

dqI *

sV

*

cV

-

*

uI

*

lI

dcV

un

ln

Figure 3.15: Port 1 and 2 control structure

   

   

+

+

+

AC 
Voltage

Controller

Circulating
Current

Controller
(CCC)

Voltage 
Controller

*

dqV
*

sV

*

cV

-

*

uI

*

lI

dcV

un

ln

2

0

pi


* 

Figure 3.16: Port 3 control structure





4
DC HUB

In this chapter, the decisions made over the different components of the DC hub are discussed. Specifically,
the choices for the intermediate link, whether a transformer is going to be used or not, the frequency and
waveform of the intermediate AC link are made. Moreover, a first design procedure of the converter and the
intermediate link is presented. A discussion for the control role distribution takes place and finally, the model
is validated throughout simulations.

4.1. COMPONENTS DECISION
A DC hub consists of two basic parts. The ports, where AC/DC converters convert the direct current to alter-
native and vice versa and the intermediate AC link, where different components are located. An overview of
the system can be seen in figure 4.1. Point-to-point transmission lines are also present, connecting the ter-
minals to the DC hub ports. When referring to a point-to-point connection the following abbreviations will
be used: pxpy , where x is the number of the port and y the number of the outer terminal.

MMC 2

MMC 1

MMC 3 AC BUS

Yg D

Yg D

MMC 4
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MMC 6

Port 3

Port 2

Port 1

p3p6

p2p4
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Terminal 4

Terminal 5

Terminal 2

Terminal 1

Terminal 3

Figure 4.1: DC hub

4.1.1. CONVERTER
After its introduction by Prof. Marquardt in 2002 MMC became very popular in a very brief time period.
This is achieved thanks to the benefits that this converter offers. The main advantages of MMC are briefly
presented.

1. modularity, scalability
2. high-quality output voltage
3. lower filter need due to the low harmonic distortion
4. redundancy
This popularity of MMC has led to excessive research from both academia and industry resulting in im-

portant developments. Nowadays, there are many HVDC projects based on MMC topology. MMC is now
a mature technology with clear advantages over the 2-level VSC technology. Moreover, in the bibliography
[22],new topologies are presented combining the favorable characteristics of both MMC and 2-level VSC tech-
nologies. These state of the art technologies can combine higher efficiencies and smaller volume, however,

33
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these technologies are not as mature as MMC and further research is required. For the reasons above, the
MMC is chosen as the desirable converter for being used in the ports of the DC Hub. A first design of the
converter components is later shown.

4.1.2. INTERMEDIATE AC LINK
The intermediate AC link of the DC Hub can be independent of the AC grid. There is the possibility of con-
necting the intermediate AC part with an AC grid or the AC link of a wind farm, but this option is not going
to be studied in the current thesis. Being independent of an AC grid offers some advantages. First of all, the
decisions of a frequency higher than 50Hz or a waveform different than sinusoidal (i.e. square or trapezoidal)
can be made. Moreover, the established AC grid codes can be disregarded as there is no connection to an AC
grid. Furthermore, in order to adapt to the different voltage levels, a transformer can be used. Finally, there is
the possibility of adding phase reactors in order to suppress the fault current.

OPERATING FREQUENCY

The AC grid frequency is 50 Hz, while in the intermediate AC link of the DC hub this frequency can be higher.
The operating frequency is connected to the size of the passive components as well as to the losses. With a
higher frequency, the size of the inductors and the capacitors in the converter arms can be decreased. Also,
the AC transformer or LCL filters being used in the intermediate AC link can have a smaller size. All these
result in a total design with lower volume, weight, and lower initial investment. However, this increase in
frequency results in higher switching losses in the converter and increases the iron power losses of an AC
transformer. The study of losses in a front-to-front topology with MMC in [44] confirms that increasing the
frequency the total system losses also increase. Concluding, a trade-off exists between the footprint and the
total losses. In offshore projects where the footprint is the basic factor, a higher frequency can be chosen.
However, as the most important factor in the current thesis is the system efficiency, a frequency of 50 Hz is
chosen leading to lower total losses.

NUMBER OF PHASES

Three phases are usually used but more can be used for two reasons. Firstly, more phases will increase the
power handling capability of the intermediate AC link of the DC hub. Secondly, the reliability of the system
can be improved by having a redundant phase readily to connect in case of an internal fault or hub mainte-
nance.

WAVEFORM

Apart from the sinusoidal waveform, different techniques have been seen in the literature where squared or
trapezoidal waveform is used in the intermediate AC link. Especially, the trapezoidal waveform seen in [21]
can lower the energy requirements of the converter cell capacitances leading to smaller footprints. However,
the modulation range of the converter gets lower and the stresses on the AC transformer will increase and
still these solutions are not as mature as the common sinusoidal waveform. The square waveform seen in
the DAB converter results in high stresses on the AC transformer, leading to special transformer design. As a
result, the sinusoidal waveform is chosen, offering the full range modulation.

AC TRANSFORMER

First of all, a transformer provides galvanic isolation in the circuit. A transformer is used in the intermediate
AC link in order to increase the voltage conversion ratio by allowing the AC voltage magnitude seen by each
MMC to be optimal, depending on its DC bus voltage. In a transformerless configuration due to the signifi-
cantly different AC voltages, there will be circulating reactive power leading to high losses. In order to avoid
this scenario, a common AC voltage for the intermediate AC link should be chosen. This decision can lead to
some converters operating in undermodulation while others in overmodulation. In case of overmodulation
in a port with lower DC-link voltage, full-bridge submodules should be used in order to get a modulation
index higher than one (m > 1). As a result, the cost, size, and losses of the particular port will increase. In the
case of undermodulation, there is no need of full-bridge submodules. However, the undermodulation results
in poor device utilization for the port connected to the higher DC-link voltage. Moreover, in order to get the
same amount of power, while operating in lower voltage, the current will increase. The presence of higher
currents leads to a larger footprint and higher losses. Moreover, transformer topologies offer more advanta-
geous solutions under large transients. It is stated in [45] that: " DC/DC can be developed for optimal loss
and weight using non-isolated topologies, but isolated DAB possess advantages in terms of grounding and
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under large transients ". Furthermore, except ports with different voltage, also different configurations can
be connected with the presence of a transformer.

The MMC side of the transformer usually adopts the delta (D) connection, while the AC network side
adopts the star grounded (Yg). In this way, the filtering of the harmonic and of the DC component in the
windings is achieved. Moreover, the zero-sequence component caused by unsymmetrical faults is avoided
by pouring into the AC system. Also, with this configuration, a zero-sequence component can be added in
the output voltage resulting in a higher maximum nominal peak.

As a result, a transformer is used to adapt the different voltage levels in the AC link with a (D-Yg) config-
uration. Moreover, the following criterion is used. In case of N different voltage levels, N-1 transformers are
needed to be used. In this way, every port operates in the optimal AC voltage.

4.1.3. DC LINK CONFIGURATION
There are different ways in which the HVDC system can be configured. The first division into monopolar and
bipolar configurations can be done based on the number of the converters used at each terminal.

The monopolar HVDC system requires only one converter on each side for the power transmission and
can be further divided into:

• Asymmetric monopolar with metallic return

• Asymmetric monopolar with ground return

• Symmetric monopole

The bipolar HVDC system uses two converters at each terminal. In comparison with the cost-effective
monopolar configurations, bipolar can increase the power rating and the reliability of the system with the
expense of increasing the cost and footprint of the system. They can be divided further into:

• Bipole with metallic return

• Bipole with ground return

The most commonly used configuration is the symmetric monopolar [46]. In this system, there are two
high voltage cables connected to the positive and negative pole. Each of them carries half the rated power
and it is subjected to full rated current and half the rated voltage.

In this configuration, there is no grounding on the DC side. As it will be shown in the DC fault study
cases, the DC side is not fed by AC grids in case of a DC pole-to-ground fault. Also, the coupling transformer
on the AC side is not subjected to any DC voltage. Nevertheless, in comparison to the other monopolar
configurations two fully insulated conductors are needed.

DC/ACAC/DC

Cable/HVDC Line

Cable/HVDC Line

Figure 4.2: Symmetric monopole configuration

DC line modeling The pi-equivalent model is used for the DC line modeling. The uniformly distributed
characteristics of an HVDC transmission line are represented by cascading identical pi-sections. The pi-
equivalent model consists of lumped RLC elements as can be seen in figure 4.3.

The DC line parameters can be seen in the table 4.1.

Table 4.1: DC line parameters

DC line parameters Unit Value
Length (l) km 80

Resistance (R) Ω/km 0.0195
Inductance (L) mH/km 0.18

Capacitance (C) nF/km 250
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Figure 4.3: Pi-equivalent line section model

4.2. PORT DESIGN
In every port of the DC Hub, a modular multilevel converter is used. The design of an MMC is a complex and
not straightforward procedure as seen in section 3.3. The design begins with the required power and voltage
ratings and continues with the initial values of the converter components. In order to tune the main-circuit
parameters, various calculations and simulations are performed. As a result, the whole process presents an
iterative character.

The connection of ports with different DC link voltages and different power levels is studied. The values
for the DC voltage and power level were chosen according to the latest trends [47]. These different values lead
to different component values. In table 4.2 the different values for each port are presented.

Table 4.2: Port values

Ports Port 1 Port 2 Port3
Power 300 MW 500 MW 800 MW

DC Voltage ±150kV ±250kV ±320 kV

The design procedure shown in section 3.3 can calculate the submodule capacitance Csm . However, in
our average model the important parameter needed is the arm capacitance Car m . The relation between the
two is:

Car m = Csm

N

Where N is the number of SMs in the arm. The equivalent arm capacitance can be calculated based on
the rule of thumb [34].

The total energy stored in the converter is given by the equation:

E =
1
2Csm

N
·Vd ·6 (4.1)

Where Vd is the pole-to-pole voltage and the energy requirements are

E

P
= 30k J

1MV A

Based on the above, the equivalent arm capacitances can be calculated.
As far as it concerns the arm inductance, it is chosen equal to 0.07pu and the arm resistance is taken equal

to 10% of the arm reactance.
The calculated values for each port are presented in the table 4.3.

Table 4.3: Component values

Ports Port 1 Port 2 Port3
Car m 34µF 20µF 19µF
Lar m 25mH 41mH 43mH
Rar m 0.75Ω 1.25Ω 1.28Ω
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4.3. CONTROL ROLE DISTRIBUTION
The DC hub under study has three ports, where each port will operate in a different control mode. There are
three possible control modes:

• AC voltage control

• DC voltage control

• Active power control

Moreover, each of the three ports will have a different power and a different DC link voltage level.The fact
that there are three different control modes and three different rated powers for each port gives a variety of
combinations. The different combinations are presented in table 4.4

Each port is connected in a point-to-point connection with another terminal. In a point-to-point con-
nection, there must be one terminal operating in DC voltage control in order to maintain the DC link voltage
of the transmission line stable. This leads to the fact that the terminal operating in AC voltage control mode
will not be able to control its power directly. The power will be controlled indirectly through the other two
ports.

Table 4.4: Different scenarios in control role distribution

Scenario Port 1 Port 2 Port 3
1 Power AC Voltage DC Voltage
2 Power DC Voltage AC Voltage
3 DC Voltage Power AC Voltage
4 DC Voltage AC Voltage Power
5 AC Voltage DC Voltage Power
6 AC Voltage Power DC Voltage

For all the above combinations, a basic understanding of the power flow inside the DC hub can be gained.
First of all, there is a port controlling its active power according to a given reference. Secondly, the port
operating in DC voltage control has its active power controlled via the other terminal of the point-to-point
connection. Finally, the converter operating in AC voltage control has its power indirectly controlled as the
sum of powers in the DC hub is constant. This can be proven as the AC voltage in the intermediate AC link is
constant and the Kirchoff’s current law is valid.

The simulation results of the different scenarios show the following response during changing the active
power and DC voltage references. During the transient phenomena triggered by ports operating in DC voltage
or active power control mode, changes are observed only in the values of the triggered port and the port
operating in AC voltage control mode. As a result, the AC voltage port takes part in the different transitions
while the third port is uninvolved. Moreover, it has been observed that the larger the rated power of the port
operating in AC voltage, the less the impact on its operation. Moreover, as it will be presented in section 4.4
in a DC voltage step, the charging or discharging energy of the submodule capacitors is provided or absorbed
by the port operating in AC voltage control mode. In the worst case 6, a large change in the DC voltage will
lead to larger energy changes on the port operating in AC voltage resulting in high arm currents and affecting
more the port operation in comparison with case 3.

The AC voltage in the intermediate AC link is an important factor for the stability of the DC hub. For that
reason, the port operating in AC voltage is chosen to have the highest rated power resulting in a more stable
system. Following, the port operating in DC voltage is chosen to have the lowest rated power. Case 3 is chosen
to be studied next on line connection/disconnection and DC fault responses.

4.4. MODEL VALIDATION
In order to gain a better understanding of the transient phenomena in the DC hub, point-to-point connec-
tions are added on each port. In this way, the fault response can be studied. Also in comparison with other
studies where the DC link is modeled with an ideal DC voltage source, the system is now closer to the real
case. The transients on the DC link of each port can now be studied through changes in the DC hub. The sys-
tem that is going to be studied can be seen in figure 4.4. Two transformers are located in the AC link in order
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Figure 4.4: DC hub

to step-up the AC voltage at the level of port 3. Three point-to-point connections can be seen, where port 1 is
connected to terminal 5, terminal 2 is connected to terminal 4 and terminal 3 is connected to terminal 6.

The port with the higher power rating operates in AC voltage control mode. This leads to a more stable
system as transient phenomena observed in the other two ports will affect less the operation of the highest
power port. The port with the lower power operates in DC voltage control mode. It is observed that the energy
needs for charging/discharging the submodule capacitors in order to follow the DC voltage step reference are
provided by the port operating in AC voltage control mode. For this reason, it is advantageous to choose the
highest power rated port to operate in AC voltage control and the lower power port to operate in DC voltage
control. The third one operates in active power control mode. The power flows from port 3 towards port 1,2
via the intermediate AC link of the DC hub. The active power in port 1 is controlled through terminal 5, while
port 2 controls its own power. The active power of port 3 is the sum of the active power flowing through the
other ports.

Table 4.5: DC hub parameters

System parameters Unit Value
Rated power (MMC1/MMC2/MMC3) MVA 300/500/800

DC voltage(MMC1/MMC2/MMC3) kV ±150/±250/±320
Transformer rated power(1/2) MVA 300/500

Transformer voltage ratio (MMC1/MMC3) kV 150/320 (D-Yg)
Transformer voltage ratio (MMC2/MMC3) kV 250/320 (D-Yg)

Transformer leakage inductance pu 0.1

In order to validate the model, its operation is studied under changes on control references. From the six
possible combinations the case 3 is chosen to be studied more in depth as it is the most advantageous. Three
different cases are studied:

1. Active power reference step change

2. DC voltage reference step change

3. AC voltage reference step change

Per unit base In the following chapters, the figures of the most important values are presented. The per-unit
system is chosen for the representation of the different values. Each port uses its own base values according
to its rated power and DC voltage. For the representation of the sinusoidal values, the peak value is used as a
base, in order to gain a better understanding of the overvoltages and overcurrents that can be present in the
system.

4.4.1. ACTIVE POWER REFERENCE CHANGE
Port 2 operating in active power control mode changes its reference according to the table 4.6. The following
changes on the active power on every port are seen in figure 4.5a. The negative sign (-) denotes the port
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is absorbing power from the DC hub and the positive sign (+) denotes that the port is feeding power. It is
important to see that the step references are followed. The power of port 1 operating in DC voltage control is
controlled from terminal 5 via the point-to-point connection. As a result, its power is controlled to 1 pu and
stays unaffected from the power changes in the rest of the DC hub. In contrast, port 3 responsible for the AC
voltage control follows the power steps of port 2. The reactive power is shown in figure 4.5b. Port 1 and 2 have
reactive power control and their values are controlled to the zero reference. Port 3 does not have a reactive
power control, however, due to the reactive power control of port 1 and 2, its reactive power value is close to
zero. Moreover, the results in figure 4.5c indicate that the AC voltage of the DC hub remains stable during the
power changes. It can be seen that at t = 2.5 when P2 : 0 →−1pu a small decrease in AC voltage is observed.
This decrease is a result of the decrease in port’s 3 DC voltage.
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Figure 4.5: Values during changing active power reference

Figure 4.6 presents the AC currents in the intermediate AC link of each port. According to the power steps
in each port, while the AC voltage is maintained stable the presented current results were expected. The same
current changes are also observed on the arms of the converters as shown in figure 4.7.
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Table 4.6: Power reference steps

Time (s) Power (pu)
0 -1

1.5 -0.5
2 0

2.5 -1

(a) Port 1 (b) Port 2 (c) Port 3

Figure 4.6: AC currents in the intermediate link during changing active power reference

(a) Port 1 (b) Port 2 (c) Port 3

Figure 4.7: Arm currents during changing active power reference

Figure 4.8 provides the results of the DC voltage values of each DC link during the changes in power
references. A power decrease of 0.5pu leads to a DC voltage decrease of 0.05pu. This small undervoltage lasts
for t = 100ms caused by a power step of 0.5pu. This can be explained by observing the sum capacitor voltages
of port 2 in figure 4.9b. After the power decrease step, the AC current in the intermediate link decreases.
Instantly, this current decrease leads to a lower Vcap2 by discharging the capacitors. Moreover, it can be
observed that in a lower power the voltage ripple of the capacitors is now smaller. The terminal 4 responsible
for DC voltage control drives the Vdc2 to its nominal value. In comparison with port 2, in port 3 an increase of
DC voltage is observed for the same power step. This increase can also be seen in the sum capacitor voltages
in figure 4.9c and can be following explained. Port 3 provides with power the port 2. As the power needs are
now lower, the submodule capacitors will absorb the extra power not taken by port 2. This corresponds to a
small increase as the port 3 changes its power according to the needs of port 2. Terminal 6 restores the DC
link voltage of the point-to-point connection between port 3 and terminal 6.
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(a) Port 1 (b) Port 2 (c) Port 3

Figure 4.8: DC voltages during changing active power reference

(a) Port 1 (b) Port 2 (c) Port 3

Figure 4.9: Sum capacitor voltages during changing active power reference

By controlling the DC link voltage to its nominal value, the power steps on each port result in DC current
steps as seen in figure 4.10.

(a) Port 1
(b) Port 2 (c) Port 3

Figure 4.10: DC currents during changing active power reference

It is apparent from these results that port 1 is uninvolved during the power changes of port 2. A very small
observation can be made when the AC voltage drops for a small amount. In order to maintain the power at
1pu port 1 increase its current needs. This small current increase is observed in the intermediate AC, arm
and DC currents of port 1.

Overall, these results indicate that even large power steps (1pu) can be performed and the system main-
tains its stability. After the performed step, the active power reaches the reference value in less than 200ms.
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4.4.2. DC VOLTAGE REFERENCE CHANGE
Port 1 operating in DC voltage control mode changes its reference according to the table 4.7. These steps
represent a worst case scenario as voltage steps of 0.1pu are rarely performed. The following changes on
the active power on every port are seen in figure 4.11a. During these DC voltage steps, the AC voltage of the
intermediate link is controlled to its nominal value.

Table 4.7: DC voltage reference steps

Time (s) DC voltage (pu)
0 1

1.5 1.1
2 1
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Figure 4.11: Values during changing DC voltage reference

Figure 4.12 presents the voltage steps in the DC links. It can be observed that the DC voltage reference
steps are followed by port 1. The reference value is reached after 200ms. In order to acquire a higher voltage
level, the sum capacitors of port 1 need to charge. The energy needs for this charging are provided by port 3.
As a result, as the AC voltage is kept constant, larger currents are observed on the AC link and the arms of port
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1 and 3 as seen in figures 4.14 and 4.15. This results in power increase as seen in figure 4.11. Correspondingly,
the opposite changes are observed during a decrease in DC voltage, where submodule capacitors now need
to discharge. In figure 4.11b the reactive power at each port can be seen. The reactive power is controlled at
the reference value.

(a) Port 1 (b) Port 2 (c) Port 3

Figure 4.12: DC voltages during changing DC voltage reference

The performed voltage step can be also seen in the sum capacitor voltages in figure 4.13. It is observed
that the mean value increases from 1pu to 1.1pu while the capacitor ripple remains the same as the power
level remains stable at 1pu controlled by terminal 5. Also, the voltage ripple of the rest of the ports remains
the same as there is no active power change.

(a) Port 1 (b) Port 2 (c) Port 3

Figure 4.13: Sum capacitor voltages during changing DC voltage reference

From the figure 4.14, we can see that after some transients the AC currents return to their nominal values
in order to maintain their reference power values given a stable AC voltage value. Furthermore, the observed
arm current peaks stay between the predefined limits as seen in figure 4.15. It is observed that as the Vdc1

increases, the Idc1 decreases in order to maintain the active power flowing through the point-to-point con-
nection constant to 1 pu.

Concluding, when DC voltage of port 1 changes, no significant changes are observed in the values of port
2 operating in active power control mode. Contrariwise, port 3 is responsible to cover the power needs of port
1. What is interesting in these simulation results is the fact that port 2 is not influenced from the DC voltage
steps of port 1 and continues its normal operation as can be seen from the presented figures.

The results of this case together with the previous case of power reference changes show that the operation
of port 1,2 is unaffected during step reference changes of port 2,1 correspondingly. Port 3 is responsible to
cover the energy needs of port 1 and 2 and at the same time to maintain the AC voltage of the intermediate
AC link stable at 1pu.

It is noticed that the values of each port are expressed in per-unit according to their base. For this rea-
son, as port 3 is the port with the highest power rating, the per-unit changes in its value are seen smaller in
comparison to ports 1 and 2. This can lead us to the conclusion that if port 3 was not the port with the high-
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Figure 4.14: AC currents in the intermediate link during changing DC voltage reference

(a) Port 1 (b) Port 2 (c) Port 3

Figure 4.15: Arm currents during changing DC voltage reference

est power rating, the transient phenomena observed in its values could be larger and more influential to its
stability. This fact due to the importance of a stable AC voltage would not be acceptable.

4.4.3. AC VOLTAGE REFERENCE CHANGE

Port 3 operating in AC voltage control mode changes its reference according to the table 4.8. For the following
voltage steps, all the ports are chosen to operate in lower power as the decrease in the AC voltage leads to un-
dermodulation of the converters resulting in higher currents. Figure 4.16c presents the AC voltage following
the reference steps. The active power is presented in figure 4.16a. The values are controlled at its reference.
In figure 4.16b the transients observed in the reactive power at each port are presented. After the AC voltage
step, both active and reactive power maintain their reference values after some transients.

Table 4.8: AC voltage reference steps

Time (s) AC voltage (pu)
0 0.7

1.5 1
2 0.8

The results obtained from the simulations are following presented. It is observed in figure 4.17 that the AC
currents decrease their values as the AC voltage increases in order to achieve a constant power level. Follow-
ing, the arm current values decrease as seen in figure 4.18. The decrease in the arm currents leads to smaller
sum capacitor voltage ripples as shown in figure 4.20. Finally, the DC voltages of all the ports are controlled
to their nominal value as presented in figure 4.19. The small transients observed in the DC voltages originate
from the current changes. Respectively, same conclusions can be made for the AC voltage decrease.
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Figure 4.16: Values during changing AC voltage reference

In comparison with the previous cases, the AC voltage changes lead to transients with larger duration.
However, step reference changes will be rarely performed as the objective of the port 3 is to maintain the
AC voltage in the reference value. Overall, The reference values are followed and the system maintains its
operability without any large currents or voltages present on the system.

(a) Port 1 (b) Port 2 (c) Port 3

Figure 4.17: AC currents in the intermediate link during changing AC voltage reference
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(a) Port 1 (b) Port 2 (c) Port 3

Figure 4.18: Arm currents during changing AC voltage reference

(a) Port 1 (b) Port 2 (c) Port 3

Figure 4.19: DC voltages during changing AC voltage reference

(a) Port 1 (b) Port 2 (c) Port 3

Figure 4.20: Sum capacitor voltages during changing AC voltage reference

4.5. CONCLUSIONS
In this chapter, the values of the different components in the system were presented. Through the early
design, basic objectives of the DC hub are fulfilled. The transformers in the intermediate AC link provide the
voltage stepping required between the different DC lines. Moreover, the modular design of the DC hub offers
connection points for expansion. Any number of ports can be added by connecting to the intermediate AC
link via a transformer. The DC hub connecting to three other terminals via point-to-point connections is
presented in figure 4.4.

A discussion and a suggestion for the control role distribution took place next. The port with the higher
power rating is chosen to operate in AC voltage control while the less powerful in DC voltage control. Finally,
the model was validated through simulations in Matlab/Simulink.

Overall, the simulation results suggest that in normal operation the system maintains its stability as is was
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shown through different step changes on the controlled values. Moreover, as seen from the performed refer-
ence steps in the controlled values of active power, DC and AC voltage, the real values follow the references.

The results provide important insights as far as it concerns the control role distribution. The converter
with the higher power rating is chosen to operate in AC voltage control. Apart from the voltage control it is
responsible to provide (absorb) power to(from) the other two ports (1,2) and has the capability to absorb or
provide the transient currents which due to the higher power rating have less impact on its operation. In this
way, it is proven that with the suggested control scheme a stable operation of the DC hub can be achieved. In
this chapter, the controllable power exchange of any HVDC line with any other line connected to the hub was
acquired. This is one of the main objectives of the DC hub. In the next chapter, the DC hub response to a line
connection/disconnection is studied

.





5
PORT CONNECTION AND DISCONNECTION

A DC hub must have the capability to connect and disconnect a DC line without affecting the operation of
the rest of the system. A DC hub can be seen as a central node where new HVDC point-to-point links can be
connected. In order to connect or disconnect a new line, some first steps should be identified.

5.1. PORT CONNECTION
The first part to be studied is the connection of a new DC line with the DC Hub. The connection takes place
by closing the AC circuit breakers in the intermediate AC link of the terminal to be connected, achieving a
connection with the intermediate AC link of the DC Hub. It is assumed that the port responsible for the AC
voltage control is already connected. There are two different scenarios in the connection of a new port. The
two different cases depend on the chosen control mode of the converter to be connected. In a point-to-
point connection, one terminal is responsible for the active power control while the other is responsible for
controlling the voltage of the DC link.

In the first case, in the point-to-point connection, a terminal is already connected to an AC network op-
erating in DC voltage control mode, while the other terminal to be connected to the DC Hub will operate in
active power control mode. In the second case, first, the connection of the port with the DC hub will take
place. The port needs to operate in DC voltage control in order to establish and maintain a stable DC voltage
on the point-to-point connection. Following, the other terminal operating in active power control mode will
connect again via AC circuit breakers with an AC network.

MMC 2

MMC 3 AC BUS

Yg D
AC CB

AC CB

MMC 1Yg D
AC CB

Figure 5.1: AC breakers in the DC hub

5.1.1. CASE 1 CONNECTION OF PORT OPERATING IN ACTIVE POWER CONTROL MODE
In the first case, terminal 4 is already connected to an outer AC grid and port 2 is connected to the DC hub as
can be seen in figure 5.2. The steps to be followed are:

1. First, the new line to be connected should be energized. The converter responsible for the DC voltage
control should be in operation resulting in a DC line having the nominal value.

2. After the energization process, the point-to-point connection has achieved to reach the nominal DC
voltage value. In order to effectively connect the line, there should not be any power transfer from the
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outer system to the DC hub. In that way, a smooth connection limiting transient phenomena will be
achieved.

3. The next step is to close the AC circuit breakers and connect the AC part of the new port with the inter-
mediate AC link of the DC Hub.

4. After the successful connection, the new port controlling the power can start the power exchange be-
tween the DC Hub and the point-to-point connection.

MMC 2

MMC 1

MMC 3 AC BUS

Yg D

Yg D
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MMC 6

AC GRID

AC GRID

AC GRID

Figure 5.2: Connection of port 2

The case of connecting port 2 is studied. Port 2 operates in active power control mode. Terminal 4 oper-
ates in DC voltage mode and is responsible to maintain the DC link voltage to its reference value. After the
connection of the port 2, an inrush current is observed from the port 2 towards the inner of the DC hub as
shown in figure 5.3b. It is observed that the submodule capacitors of the connected port discharge. This can
be also seen in figure 5.4b, where the DC voltage drops. Port 1 is operating in DC voltage control and terminal
5 is responsible for the active power control of the point-to-point transmission line p1p5. As a result, the
power and current of port 1 remain at their rated values during the connection. While port 3 absorbs the
connection current. The inrush current towards port 3 charges the submodule capacitors. This leads to DC
voltage increase in port 3 as seen in figure 5.4c.

The total power of port 3 is now lower. It is the sum of the power needed to cover the needs of p1p5 and the
power absorbed from the connection of port 2. Terminal 4 is responsible for controlling the DC link voltage of
the p2p4. Current (energy) is needed in order to charge the submodule capacitors and return the DC voltage
to its nominal value. This extra energy is given by the DC hub through port 3. After some transients, DC link
voltage returns to its nominal value.The power exchange of the DC hub with the point-to-point transmission
line p1p5 is controlled by the terminal 5. In contrast in the p3p6 there is no direct power control, as the power
of this port is the sum of ports 1 and 2. As a result, the current change caused by the new port connection
will only be seen by the port 3 while port 1 maintains a stable current. Port 3 provides power to port 1. The
change of active power in the DC hub can be seen in figure 5.5.

The AC currents in the intermediate AC link of each port are shown in figure 5.3. It can be observed that
the AC current of port 1 maintain the same value during the port connection. Port 2 and 3 do not present any
large currents in their AC side. The arm currents of port 2 and 3 are shown in figure 5.6 for R = 0Ω. A large
current with a value higher than 1pu is observed in the connected port.
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(a) Port 1 (b) Port 2 (c) Port 3

Figure 5.3: AC currents on the intermediate link

(a) Port 1 (b) Port 2 (c) Port 3

Figure 5.4: DC link voltages at each port
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Figure 5.5: Active power at each port

At the moment of the connection, an inrush current from the port 2 towards the inner of the DC hub is
observed, resulting in changes in the inner AC current of each port. Following, these currents flowing through
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the arms of the converter will lead to DC voltage changes. These changes can be seen in figure 5.4. As there
are no current or power changes on port 1, the DC voltage will also remain stable. However, in ports 2 and 3
a small oscillation is observed on the DC voltages before they return to their nominal values as seen in figure
5.4. It is observed that the DC voltage ripple for the connected port 2 is below 0.1 pu while for the port 3 is
below 0.05 pu. Moreover, port 2 returns to the nominal value after 300ms while port 3 after 150ms.

Port 3 has the highest power rating in the DC hub with P2base = 500MW while P3base = 800MW . All
the results are presented in the per-unit system. It can be observed that the changes in the values of port 3
correspond to larger changes for port 2 in the per-unit system.

INSERTION RESISTORS

In this case of connection, the AC currents in the intermediate AC link are kept bellow 1pu as shown in figure
5.3. Furthermore, the arm currents of the connected port reach a value of 1.3pu while in port 3 remain below
0.52 pu. In order to achieve an even smoother connection, insertion resistors can be added during the con-
nection. By inserting resistors, the peak currents on the arms are smaller compared with the previous case as
shown in figures 5.6a and 5.6b. Also, the current peaks observed in the intermediate AC link are lower. In this
way, the components of the system can be protected and a more stable operation can be achieved.

(a) Arm currents in port 2 (b) Arm currents in port 3

Figure 5.6: Comparison of values with insertion resistors

5.1.2. CASE 2 CONNECTION OF PORT OPERATING IN DC VOLTAGE CONTROL MODE
A different case of connection is studied as can be seen in figure 5.7. Port 1 is operating in DC voltage control
mode. The steps to be followed are now different. In this case, the DC hub will be first connected to port 1. The
hub will energize the DC transmission line p1p5 via port 1. After reaching a steady state, the terminal 5 can
be connected to the AC grid. Before the connection, port 2 operates in active power control mode and port
3 in AC voltage control mode. Power is injected to the hub, through port 3 in order to cover the needs of the
point-to-point transmission line p2p4. For the simulation purposes, the submodule capacitors are charged
to their nominal value. This leads to the DC line being charged to its nominal value before the connection
with the DC hub.

After the connection, an inrush current is observed flowing towards the inner of the DC hub. The sub-
module capacitors of port 1 are discharging. Port 2 continues its normal operation without being affected by
this inrush current. However, port 3 is the converter operating without a direct power control, as a result, all
the transient currents flow through this converter. In figure 5.8 the AC currents of each port are shown. The
inrush current is absorbed by port 3. At this point, this extra power is subtracted from the power injected to
cover the needs of port 2 leading to a lower total active power for port 3 shown in figure 5.10a.

Port 1 starts its operation on DC voltage control mode. In order to reach the nominal value of the DC
line voltage, the capacitors need to be charged again. The current and consequently the energy to charge the
capacitors is given by port 3. At this point the active power injected through port 3 to the DC hub is higher
than the rated. It is the sum of the power towards port 2 to cover its needs and the power flowing to port 1 in
order to charge the capacitors. Port 1 after some oscillations reaches its reference value.
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Figure 5.7: Connection of port 1

Throughout these events, port 2 continues its normal operation without being affected by the changes
taking place in the rest of the DC hub. Also, the operation point of port 2 does not affect the connection of
the new line. The changes in the power of port 3 lead to power changes at terminal 6 in the other point of the
point-to-point connection. Terminal 6 is responsible for keeping DC voltage stable. Some small oscillations
are present in the DC voltage of port 3 throughout this period.

(a) Port 1 (b) Port 2 (c) Port 3

Figure 5.8: AC currents of the intermediate link

The submodule capacitors’ discharge leading to voltage drop in the DC link of port 1 can be seen in figure
5.9. Also, small oscillations are observed in port 3. After 500ms the VDC 2 andVDC 3 return to their nominal
value. At that point, the terminal 5 can be connected via AC breakers to the outer AC grid in order to complete
the connection of the point-to-point transmission line.

(a) Port 1 (b) Port 2 (c) Port 3

Figure 5.9: DC link voltages at each port

Concluding, the stable operation of the DC hub is maintained and the AC voltage of the intermediate link
is shown in figure 5.10b. In comparison with the previous case, the discharge of the submodule capacitors is
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now larger leading to larger voltage drop in the DC line voltage. Moreover, the peak currents of the AC and
DC values are now higher. Reasons for that can be:

1. In comparison with the previous case, the other terminal of the point-to-point connection is not con-
nected to an external AC grid.

2. Before the connection, there is no terminal operating in DC voltage control. The new port will start
operating in DC voltage control at moment of the connection.
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(a) Active power of each port (b) AC voltage

Figure 5.10: Values during port 1 connection

INSERTION RESISTORS

On the AC side, in series with the AC breakers, a set of charging resistors in order to limit the inrush current
can be added.

The addition of an insertion resistor Ri ns = 50Ω leads to the following:

• The peaks of the AC intermediate link and arm currents are now lower. In figure 5.11a it can be seen
that while the arm current peak was 1.3pu, with the insertion resistors has a lower value of 0.6pu

• In figure 5.11b is observed that the undervoltage observed in the connected port has a value of 0.88 in
comparison with the previous case where was 0.79pu. Finally, in port 3 the DC voltage oscillations have
a value of ±0.04.

Overall a smoother transition with lower peak values is achieved.In figure 5.11 a comparison for the arm
currents and DC voltage values is presented.

A high inrush current at the time of connection is observed in both connection cases. This inrush current
can be following interpreted. At the time of connection the connected port, having a nominal AC voltage,
"sees" through the DC hub a very small resistance. For this reason, the inrush current is high.

Icon =V /R

This conclusion is further confirmed with the addition of insertion resistors in the AC intermediate link re-
sulting in lower current peaks during the transients. Overall the following observations were made:

• During the connection only port 3 is affected by the transient events.
• The operation of the port 1 or 2 prior, during or after the connection does not affect or be affected

directly by the connection of port 2 or 1 correspondingly.
• Insertion resistors can be added for a smoother connection and lower inrush current.
An important difference between the two cases is the connection of the point-to-point transmission line

with an outer AC grid. In the first case, the transmission line is already connected to an outer AC grid and next
is connected to the DC hub. In the other case, the transmission line is first connected to the DC hub and then
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(a) Arm currents

(b) DC voltage at port 1 (c) DC voltage at port 3

Figure 5.11: Comparison of values with insertion resistors

to the outer AC grid. As a result, in the first case, after the discharge of the capacitors during the connection,
the energy needed for the DC link to reach again the nominal value is given by both the DC hub through port
3 and the AC grid connected to the terminal 4. In the other case, as there is no connection to an AC grid, all
the energy needs are covered from the DC hub.

5.2. PORT DISCONNECTION
A line can be disconnected for maintenance reasons or after a fault contingency in order to protect the rest
of the system. In this section, the case of a normal situation will be studied. Like in the connection, there
are also some suggested steps for the disconnection of a port in order to succeed a smoother operation of the
system. The suggested steps are:

1. The first step is to control the power exchange of the DC hub with the line to be disconnected to zero.
In this way, a smoother transition can be succeeded.

2. Following the AC breakers will open, and disconnect the AC part of the port with the intermediate AC
link of the DC Hub.

The ideal case is when the power exchange between the DC Hub and the port to be disconnected equals
to zero. However, that will not always be the case, as for example in case of a system malfunctioning or an
emergency disconnection, the transferred power can be different from zero at the moment of disconnection.
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5.2.1. CASE 1 ZERO POWER IN THE DC HUB

PORT OPERATING IN ACTIVE POWER CONTROL MODE

In this first case, Port 2 operating in power control mode is disconnected. The steps for a smooth disconnec-
tion are followed. The power transferring between the DC hub and the DC link is zero.

(a) AC voltage
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(b) Active power

(c) DC voltage of port 2

Figure 5.12: Disconnection of port 2 with zero power

It is observed that after the port is disconnected, the DC hub continues its normal operation with the AC
voltage of the intermediate AC link shown in figure 5.12a. There are no overvoltages or overcurrents during
this disconnection. Moreover, the active power of each port can be seen in figure 5.12b. As mentioned previ-
ously there is no current flowing between the DC hub and the port 2, it is observed that the AC currents in the
intermediate link and following the arm current in the converters remain stable as shown in figure 5.13.

It is important to notice that the point-to-point transmission line maintains its voltage stable as the ter-
minal responsible for keeping the voltage stable in a reference value is connected to the grid and continues
its normal operation as shown in figure 5.12c.

PORT OPERATING IN DC VOLTAGE CONTROL MODE

In this case, Port 1 operating in DC voltage control mode is disconnected. The steps for a smooth disconnec-
tion are followed. The power transferring between the DC hub and the port to be disconnected is zero. It is
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(a) Port 1 (b) Port 3

Figure 5.13: AC currents of the intermediate link

observed that after the port is disconnected, the DC hub continues its normal operation. There are no over-
voltages or overcurrents during this disconnection. It is observed that the AC currents in the intermediate
link and following the arm current in the converters remain stable. It is important to notice that the point-to-
point transmission line maintains stable. The port 1 is disconnected from the DC hub but it is still connected
to the terminal 5 from which absorbs energy in order to maintain the DC link voltage at the reference value.

The same observations are made like the previous case. Consequently, if the steps for smooth disconnec-
tion are followed, the control mode of the port does not affect the disconnection.

5.2.2. CASE 2 FULL POWER IN THE DC HUB

In this second case, the operation of the system is studied when the steps for smooth operation are not fol-
lowed. The worst case is examined when all the ports operate in full power. The disconnection of port 1 and
2 are following studied.

PORT OPERATING IN DC VOLTAGE CONTROL MODE

In this case, terminal 5 absorbs 1 pu power from the DC hub through Port 1. At t = 1.5s the port 1 is dis-
connected. Terminal 5 continuous to ask for power from port 1 and the submodule capacitors will discharge
in order to cover its needs. This results in the collapse of the DC link voltage. Detecting this undervoltage,
converters on both sides of this DC link will be blocked. In figure 5.14 the active power on each port and
the AC voltage of the DC hub is presented. It is observed a jump in the power of port 1, P1 = −1 ⇒ 0. Port 3
responsible to cover the power needs also lowers its power while port 2 continues its operation in full power.
Observing the AC voltage can be concluded that the AC voltage control is unaffected from the step in power
and continues its normal operation.

Following the AC currents in the intermediate AC link and the arm currents of each port are presented
in figure 5.15 and 5.16. At the time of disconnection, the current of port 1 from the full power value goes to
zero. Iac3 follows this change while Iac2 stays constant. Same transitions are observed in the arm currents.
It is interesting to observe the arm current of port 3. After the disconnection, both the AC and DC current of
port 3 are now lower. The arm current consists of a DC and AC component. As a result not only the peak of
the AC part is lower but also the average value is displaced now closer to zero. The lower values of AC and DC
component are a result of the lower value of transferred power.
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Figure 5.14: Values during disconnection of port 1 with full power

(a) Port 1 (b) Port 2 (c) Port 3

Figure 5.15: AC currents during disconnection of port 1 with full power

(a) Port 1 (b) Port 2 (c) Port 3

Figure 5.16: Arm currents during disconnection of port 1 with full power

By observing figure 5.17 small oscillations are presented in the DC voltage of port 3. The maximum peak
is 0.05pu and the duration less than 200ms. The operability of the system is maintained. Overall, the cur-
rents observed in the arms do not take large values after the disconnection and there are no overvoltages or
overcurrents observed in the system. The DC hub continues its normal operation after the disconnection of
port 1 operating at full power in DC voltage control mode.
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(a) Port 1 (b) Port 2 (c) Port 3

Figure 5.17: DC voltages during disconnection of port 1 with full power

PORT OPERATING IN ACTIVE POWER CONTROL MODE

In this case, port 2 operating in active power control mode disconnects at t = 1.5s. As port 2 disconnects,
the DC current of the point-to-point transmission line from 1 pu jumps to 0 pu as there is no power flowing
from the DC hub to terminal 4. The power of port 2 goes to zero while port 3 has a new value covering only
the power needs of port 1. The steps in active power of port 2 and 3 are shown in figure 5.18. The power
step results in very small oscillation (±0.03pu) in the AC voltage. The AC currents of each port can be seen
in figure 5.19. The current of port 1 remains stable, while the current of port 3 decreases by the amount of
current subtracted by the disconnection of port 2.
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Figure 5.18: Active power
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(a) Port 1 (b) Port 2 (c) Port 3

Figure 5.19: AC currents during disconnection of port 2 with full power

(a) Port 1 (b) Port 2 (c) Port 3

Figure 5.20: DC voltages during disconnection of port 2 with full power

Port 1 continues its normal operation without any overvoltages or overcurrents observed as shown in
figure 5.20a. The power through p3p6 is not controlled and as a result, this instantaneous power loss will
be detected in terminal 6. As a result, there are small transients observed on the DC link voltage lower than
0.1pu as can be seen in figure 5.20c. This transient on DC link voltage affects the AC voltage control of port 3.

5.2.3. DISCONNECTION OF PORT OPERATING IN AC VOLTAGE
The disconnection of the port operating in AC voltage is a special case, for that reason, it is studied separately
in this section. It has been observed that the disconnection of a port while following the appropriate steps
can take place smoothly without affecting the operation of the rest of the DC hub. In order for the DC hub to
continue its normal operation, another port must change its control operation to AC voltage mode.

This port should fulfill the following:
• have the highest power rating
• operate in active power control mode
• be bidirectional
• can cover the power needs of the remaining ports

VAC CHANGE AT ZERO POWER

Following the same rules for choosing the port operating in AC voltage mode, the second in power rating
converter is now chosen. Moreover, the port should operate in active power mode. Otherwise, this change in
control will lead to losing the DC voltage control in the point-to-point connection. For example in a scheduled
maintenance of DC link P3−P6, the port 3 is disconnected. In order for the port 3 to operate in zero power,
the power on ports 1 and 2 should be zero.

The AC circuit breaker of port 3 opens at t = 1.5s. The control mode of port 2 changes from active power
to AC voltage control mode instantly at t = 1.5s. It is observed in this case that the voltage of the AC link is
maintained stable after a voltage drop. In figure 5.21 the AC voltage of the intermediate link is presented.
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Figure 5.21: AC voltage during port 3 disconnection

The DC voltage at port 2 also decrease. The submodule capacitors in the arms of each phase discharge.
This discharge current flows through the arms of port 2 and via the AC link reaches port 1. As a result higher
currents are observed throughout the DC hub. However,the arm overcurrents observed in figure 5.22 stay
between the predefined values. Next, the submodule capacitors of port 1 are charged from this inrush current
and the DC link voltage of port 1 increase. Following, port 1 operating in DC voltage control mode restores
the DC voltage to its reference value. In order to achieve that, the capacitors discharge and the discharge
current is absorbed from the port 2 operating now in AC voltage control. After some small oscillations the
DC voltage of both the transmission lines p1p5, p2p4 return to its nominal value. Notice that the discussed
voltage ripples are bellow 0.05 pu as seen in figures 5.23d and 5.23b. Also the peak ripple in DC currents is kept
bellow 0.5 pu as seen in figures 5.23c and 5.23a. Moreover, a current is observed from terminal 4 to terminal
2 in order to return the DC link to its reference value. After a small oscillation, the DC voltage stabilizes. Port
1 continues its normal operation, maintaining the DC link voltage stable at the reference value after a small
transient with duration of 200ms.

Figure 5.22: Disconnection of port 3 and AC voltage control change

VAC CHANGE AT FULL POWER

In case of an emergency or system malfunction, it is possible to open the AC circuit breakers of port 3 and
change the control of port 2 while there is power flowing through the hub. Following, the worst case where
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(a) DC current (b) DC voltage

(c) DC current (d) DC voltage

Figure 5.23: DC values of port 1 and 2

all ports operate in 1 pu active power is studied. At t = 1.5s the AC CB of port 3 opens and the control mode
of port 2 changes to AC voltage mode. The active power of port 3 jumps to zero and port 2 will now be
responsible to cover the power needs of port 1. The full power reversal change is shown in figure 5.24. Port
2 now changes its mode operating in voltage mode, resulting in not having control of the line currents as
previously. Moreover, it is observed that the undervoltage of the transmission line p2p4 has a longer duration
around 80 ms and is kept above 0.77pu. The DC current peaks do not pass the 1.5 pu as seen in figure 5.25c.
Figure 5.26 presents the AC and arm currents of ports 1,2. The larger discharge of the submodule capacitors
results in larger current peaks for the arm currents of port 2, the intermediate AC currents and finally for the
arm currents of port 1. The DC current starts oscillating at the time of the disconnection and after a period of
100ms returns to the reference value. It is observed that the peaks obtain values larger than 2 pu but for a very
small period of time as shown in figure 5.25a. This is not expected to affect the insulation of the DC cable.

Overall, in this case, larger currents are observed in the DC hub components. It is important to notice that
due to the large arm currents, the fault detection system will be enabled. This peak in the arm currents can
be limited by increasing either the arm inductance or adding a phase reactor. Else, the submodules can be
dimensioned for higher currents by adding more semiconductor switches in parallel.
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Figure 5.24: Active power during port 3 disconnection

(a) DC current port 1 (b) DC voltage port 1

(c) DC current port 2 (d) DC voltage port 2

Figure 5.25: DC values of port 1 and 2
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(a) AC currents (b) Arm currents

Figure 5.26: Current values at full power change

COMPARISON

Following, simulations were executed for the port 3 disconnection case where port 2 operates in full power
and port 1 operates in P1 = 0.1−1pu. In this way a better understanding of the system response after changing
the port operating in AC voltage control can be achieved. From the following figures 5.27, 5.28 and 5.29 useful
conclusions can be made. It is observed that when port 2 is operating at full power, the higher the power of
port 1, meaning the bigger the power reversal, results in higher peaks for the DC current of port 2. Moreover,
it results to lower DC voltages for port 2 for longer time periods. For the DC current of port 1, it is observed
that the higher the power of port 1, the larger are the observed oscillations resulting in larger peaks before the
Idc1 returns to its nominal value.

Figure 5.27: DC currents of port 1 for different power levels of port 1
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Figure 5.28: DC currents of port 2 for different power levels of port 1

Figure 5.29: DC voltages of port 2 for different power levels of port 1
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5.3. CONCLUSIONS
Concluding, the cases of a line connection/disconnection were studied under zero and full power condition.
The results provide important insights into the DC hub response. The two different cases of connecting a port
operating in DC voltage control mode and active power control mode were studied. In both cases, inrush
currents were observed due to the submodule capacitors discharge. However, it has been shown that using
insertion resistors can limit this current and lead to a smooth connection. It is proposed to use insertion
resistors for the first 0.5-1s after the connection in order to achieve a smoother transition. Overall, the system
continues its normal operation without any large currents or voltages observed.

The port disconnection was next studied more in depth. For all the ports two cases, one in zero power and
one in full power were presented. The results indicate that when the suggested steps for a line disconnection
are followed, an excellent transition is achieved. However, in some cases, a port can be disconnected while
operating at full power. The worst case of all the ports operating at full power was next studied. The results
show that the DC hub continues its normal operation after this case.

The case of port operating in AC voltage disconnection was separately examined. In this special case, in
order for the rest of the system to continue its operation, a different port must change its control mode and
operate in AC voltage control mode. The new port is chosen according to some suggested criteria. From the
results, it was observed the successful disconnection of port 3 when zero power transfers through the DC
hub. Following, the full power case is studied. It is observed that the new AC voltage port perform a power
reversal in order to cover the needs of the third port. In this case harsher transients were observed, however,
the system maintains its controllability.

The results for the different levels of power reversal provided useful insights. The values of the DC link
were observed and it was concluded that the bigger the power reversal, the larger the DC current peaks. For
port 1, the higher DC current peak observed has a value of 2.4pu and a duration of 5ms. In port 2 the highest
peak observed is less than 1.5pu. However, the peaks duration is small and it is not expected to affect the
insulation of the cable. In port 2 the DC voltage has a lower value of 0.77pu for only 5ms. The undervoltages
effect on the fault detection system is project specific. In the above cases, the protection system is unabled in
order to study the peaks of the different values during the transients.

In summary, the results in this Chapter 5 and the previous Chapter 4 indicate that the main attributes of a
DC-DC multiport converter were successfully achieved. In the next chapter, the natural fault response of the
DC hub is presented and the fault ride-through capability is studied.
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DC FAULTS

In this chapter, the different faults in a DC line are studied. First, the protection system used on the DC side
and the fault cause and probability are presented. Following, the natural fault response and the equivalent
circuit during fault occasion is studied. Finally, the steps taken in order to block the fault are presented.

6.1. INTRODUCTION

The faults are simulated by using a single phase breaker from the library of Si mPower Sy stemsT M . In the
case of a pole-to-ground fault, the breaker is used to connect one of the poles to the ground while in the
pole-to-pole fault it is used to connect the two poles together.

The fault resistance is an important value that can change the transient response during a fault. In the
pole-to-pole fault, the fault resistance is very small and for the simulation purposes, an R f aul t = 0.01Ω is
chosen. In the case of pole-to-ground fault, based on literature [48, 49] a fault resistance R f aul t = 7Ω is
chosen. This value corresponds to the ground resistance of a sparking ground connection in wet loamy sand.

The DC hub under study is again presented in figure 6.1. AC circuit breakers are used in order to isolate
the DC faults. The power rating, the DC voltage values, and the control mode operation are presented in table
6.1.

MMC 2

MMC 3 AC BUS

Yg D
AC CB

AC CB

MMC 1Yg D
AC CB

Figure 6.1: DC hub in case of DC faults

Table 6.1: Port values and control modes

Ports Port 1 Port 2 Port3
Power 300MW 500MW 800MW

DC Voltage ±150kV ±250kV ±320 kV
Control Mode VDC P VAC
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6.2. PROTECTION SYSTEM
The main objective of a protection system is to isolate the faulted subsystem or component in order to protect
the rest of the system. In this section, the main protections of the DC side are presented. Namely: DC un-
dervoltage, DC overvoltage, DC unbalance protection, DC overcurrent protection, DC differential protection.
Also, the submodules on the arms should be protected [31].

DC undervoltage, overvoltage The DC voltage is monitored in the DC terminal. In case of a dc-bus voltage
being measured below or above a threshold for a predefined time period then a signal is sent to block the
converter.

DC differential voltage protection In this DC bus differential protection, the positive- and negative-pole
voltages are monitored. A resistive voltage divider is used to measure the pole-to-ground voltage. When the
difference between the two voltages is greater than a threshold level for a predefined time period, then the
converter is blocked.

DC overcurrent protection The objective of this protection is to detect overcurrent and protect the con-
verter components.If the current is greater than a threshold level for a predefined time period, then the con-
verter is blocked.

DC differential protection In a transmission line, the currents entering and leaving the DC bus are mea-
sured. Following, these currents are compared keeping in mind the possible deviations in time due to com-
munication delays between the two ends. A large deviation between the currents indicates a ground fault and
the converter must be blocked.

Submodule protection The valve protection system can consist of overcurrent, overvoltage and undervolt-
age protection. Also, a thermal overload protection avoids overheating the valves. In case of an unnatural
condition, a signal is sent to block the submodules and remove them from the circuit. Most commonly IGBT
valves are used as the submodule switches. In order to select an appropriate threshold, both literature and
industrial catalogs were used[50, 51]. Namely, the chosen threshold is 2pu, when this value is surpassed, the
IGBTs should be blocked.

Valve overcurrent protection
Valve differential protection

DC overvoltage protection
DC differential voltage protection

DC undervoltage protection

DC overcurrent protection
DC differential protection

Figure 6.2: Protection system
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In the current chapter, the thresholds used are presented in the table 6.2. The thresholds of the protective
functions mentioned above are project-specific. They have to be defined based on the network characteristics
and the ratings of the grid assets. As far as it concerns the submodule overcurrent the threshold of 2pu is
chosen. However, the submodule overcurrent detection was unabled, because the arm current peaks are
observed in order to achieve a proper dimensioning.

Table 6.2: Protection threshold values

Protection Function Threshold (pu)
Pole overcurrent 2

Pole undervoltage 0.8
Pole overvoltage 1.2

6.3. DC FAULTS CAUSES AND PROBABILITY
In an HVDC transmission system, overhead transmission lines or cables (underground or submarine) can be
used. Each of these transmission methods has its own advantages and disadvantages. Also, the fault causes
and the fault probability are different.

In overhead lines, a line to ground faults takes place when one of the positive or negative lines is shorted
to the ground. The most common cause is when a lightning strikes the line. This may result in breaking the
line and short-circuiting it with the ground. In this case, the fault is permanent. Following, the fault must be
located and the line must be isolated for repair. Another cause of a line to ground fault is an object falling on
the line. In this case, either the line breaks leading in a permanent fault or the object can short-circuit the line
with the ground. In this case, the system can be restored. The line to ground fault probability in overhead
lines is reported to be 0.4 f aul t s/100km/year where only 10% is permanent. This is described as high fault
probability. The reasons for a line to line fault is again an object falling and short-circuiting the positive and
negative line. In this case, the fault may be either permanent or temporary. By assuming again a 10% per-
manent to temporary fault rate, the probability of an overhead line to line fault is 0.03 f aul t s/100km/year .
This probability can be classified as very low and this rate is 10 times smaller than the line to ground fault
probability [52].

In cables, a pole-to-ground fault can be caused by breaking the cable insulation. This can be caused by
improper installation, cable aging, very high voltages/currents and exposure to the environment [53]. The
main threats to an underground cable are excavators and drilling, while for the submarine cables are anchor-
ing, fishing activities and ocean dumping of dredged material. In comparison with the overhead lines, the
cables can be protected better leading to lower fault probabilities. A research around the Norwegian coast
shown a rate of (2−5)·10−4 f aul t s/100km/year for submarine cable faults due to anchoring. In the case of a
pole-to-pole fault, the cables are separated by insulation, conduit and the soil resulting in a very low, almost
zero probability. [54, 55]

6.4. POLE-TO-GROUND FAULT
In the current thesis, the symmetric monopole configuration for MMC-HVDC schemes is studied. In case of
a pole-to-ground short-circuit fault, a fault ride-through capability is observed. In [56] the fault ride-through
capability of a point-to-point transmission line is studied. It is shown that after the pole-to-ground fault, the
voltage of the faulty pole decreases. This lower level depends on the fault resistance. On the other hand,
the healthy pole increases its voltage. The increase can be up to two times the value of the pre-fault voltage.
As a result a voltage displacement is observed between the poles, however, the pole-to-pole voltage remains
constant.

As it can be seen in the figure 6.3, in the 2-level VSC-HVDC the neutral of the DC-link capacitors is
grounded. In case of a pole-to-ground short-circuit, there is a large discharge current flow through the
grounding loop due to the DC-link capacitors’ discharge. In contrast, in the MMC-HVDC the potential ref-
erence on the DC side is given by two large clamped resistances as shown in figure 6.4. After the fault, the
theoretical potential reference will change from point 1 to point 2. In this case, there is no charging path to
the ground in order to discharge the capacitors. The DC cable should be designed having the necessary max-
imum insulation in order to sustain the temporary overvoltage. By clearing this fault as fast as possible, the
overvoltage stress on the healthy pole is minimized.
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2-level
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Cable/HVDC Line

Figure 6.3: Pole-to-ground fault with two-level VSC

MMCMMC

Cable/HVDC Line

Cable/HVDC Line

1

2

Figure 6.4: Pole-to-ground fault with MMC

6.4.1. POLE-TO-GROUND FAULT AT PORT 1

In this section, the case where a pole-to-ground fault occurs at port 1 operating on DC voltage control is
studied. At the moment of the fault t = 1.5s there is observed an inrush current to the ground. This fault
current is shown in figure 6.5a reaches a large peak value but for a very small period of time (2ms). The
protection system will not be enabled by this change and the converters continue their normal operation.
There is no overcurrent observed in the arm of the faulty port as seen in figure 6.5b. Also, there are no fault
currents observed entering the intermediate AC link of the DC hub. Moreover, it is observed that the voltage
of the faulty pole jumps to zero. The voltage of the healthy pole has a new value. This value is equal to two-
times the pre-fault value. The pole-to-pole, positive and negative pole voltage of the faulty port 1 can be seen
in figure 6.5c. The following equation stands for the DC pole-to-pole voltage:

Vdc =Vp −Vn (6.1)

where, Vdc is the pole-to-pole DC voltage, Vp is the positive pole DC voltage, Vn is the negative pole DC
voltage.

As a result, the pole-to-pole voltage remains constant but there is a displacement in the pole voltages.
This voltage mutation is following seen in the phase voltage measured between the converter and the trans-
former. The phase-to-phase voltage remains the same as the two DC components cancel each other. These
observations can be seen in figure 6.6. The transformer before the intermediate AC link does not allow for the
DC component to pass. As a result, the phase voltage seen in the intermediate AC link remains the same.
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Figure 6.5: Values during a pole-to-ground fault on port 1

Fault location Another parameter that affects the fault response is the location of the fault. Two different
case seen in table 6.3. One fault was performed on the terminal next to the DC hub while the second one is
performed closer to the other terminal of the point-to-point connection. The results show that the closer the
fault to the hub the larger the DC voltage and DC current peaks, measured at port 1.

Table 6.3: Fault location

Case Location
A fault at terminal 1
B fault at terminal 5
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(a) Phase-to-phase voltage (b) Phase voltage

Figure 6.6: AC voltages at the faulty port

(a) Phase-to-phase voltage (b) Phase voltage

Figure 6.7: Comparison for different fault locations

Fault resistance The fault resistance is an important parameter that affects the peak and the damping rate
of the fault current. In figure 6.8 the fault responses for different values of fault resistances can be seen. It is
observed that the larger the resistance the lower the peak for the values of fault current, DC voltage and DC
current of the faulty port.
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Figure 6.8: Comparison for different fault resistances

6.4.2. POLE-TO-GROUND FAULT AT PORT 2

Following, the case where a pole-to-ground short-circuit occurs at t = 1.5s at port 2 operating on active power
control is studied. At the moment of the fault, there is observed an inrush current to the ground similar to the
previous case. The effect of the fault current can be seen in figure 6.9a. As in the previous case, the time period
of the current peak is very small (2ms). However, the peak value is higher than 3 pu, larger than before. This
can be explained by the fact that the power and DC voltage of port 2 are higher than port 1. The instantaneous
(DC cable discharge) loss of DC current will lead to a small discharge of the submodule capacitors. As can be
seen from the fig 6.10 the voltage decrease for less than 0.05pu but returns quickly to its nominal value.

By observing the DC hub system, there are no high current or voltages observed and the system continues
its normal operation. There is no overcurrent observed in the arms of the three ports as seen in figure 6.9b.
Moreover, the same observations for the DC voltage are done as in the previous case. The voltage of the faulty
pole jumps to zero while the voltage of the healthy pole has a new value equal to two times the pre-fault value.
The pole-to-pole voltage remains stable as shown in figure 6.9c. This voltage mutation is following seen in
the phase voltage on the AC part of the faulty port as presented in figure 6.9d.
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Figure 6.9: Pole-to-ground fault at port 2

6.4.3. POLE-TO-GROUND FAULT AT PORT 3
Finally, the case where a pole-to-ground short circuit occurs at t = 1.5s at port 3 operating on AC voltage
control is studied. In the first design of the DC hub, transformers were used only in the ports 1 and 2 in
order to match the different voltage levels in the AC intermediate link. Simulating pole-to-ground fault at
port 3 leads to instabilities and to the collapse of the DC hub. The different configurations of a three-phase
transformer were tested in order to study the capability of aiding in the fault ride-through capability. The
table 6.4 summarizes the results.

Table 6.4: Transformer configurations and fault ride-through capability

Configurations FRT achieved
No transformer NO

D-Yg YES
Yg-Yg NO
Y-Yg YES
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Figure 6.10: Sum capacitor voltages at port 2

From the results, it is observed that when the AC side of the faulty converter "sees" a grounding, the
system is driven to instabilities after the fault occurrence and the collapse of the DC link voltage of the faulty
port. This can be explained by the fact that in the presence of a grounding, the mutated voltage is driven to
oscillate around the zero not being able to maintain a DC component. In figure 6.11 the phase voltage and
phase-to-phase voltage are presented.

(a) Phase voltage (b) Phase-to-phase voltage

Figure 6.11: AC voltages at the faulty port 3 without transformer

The produced phase voltage having a DC component discharges to zero through the grounding leading
to large AC currents. This is observed in the case of the (Yg-Yg) configuration and in the case where no
transformer is used on the AC side of port 3. However, in the other cases where no ground is encountered and
the DC component of the mutated AC voltage is now filtered by the transformer, the DC pole-to-pole voltage
remains stable and the DC hub continues its normal operation. In order to confirm these conclusions of port
3 similar analysis took place in the ports 1 and 2 resulting in the same observations.

TRANSFORMER ADDITION

As a result, a (D-Yg) transformer is added on the AC side of port 3, with the D on the converter side. Following
the case where a short-circuit occurs at port 3 operating on AC voltage control is presented. At the moment
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of the fault, an inrush current is observed to the ground similar to the previous cases. There is no overcurrent
observed in the arms or in the intermediate AC link. Following, the arm currents of each port can be seen in
figure 6.12a.

Moreover, it is observed that the voltage of the faulty pole jumps to zero. The voltage of the healthy pole
has a new value while the pole-to-pole voltage remains the same. The new value of the healthy pole is equal to
two times the pre-fault DC voltage value. The DC voltages are presented in figure 6.12b. This voltage mutation
is following seen in the phase voltage on the AC side of port 3. The phase-to-phase voltage remains the same
as the two DC components cancel each other. The DC component of the phase voltage is now filtered through
the added transformer.

(a) Arm currents (b) DC voltage

Figure 6.12: Pole-to-ground fault at port 3

The addition of a third transformer at port 3 leads to a more symmetrical system. The use of a (D-Yg)
grounded transformer in every port results in the fault ride-through capability of all the ports during a pole-
to-ground fault. The response of the system was observed to be similar in all the cases. It is observed that
there are no currents flowing through the fault towards the intermediate AC link. As a result, all ports con-
tinue their normal operation. It is important to mention that due to this special response to a pole-to-ground
fault, where the DC hub can continue its normal operation, the fault detection system has to be designed
appropriately.

6.5. POLE-TO-POLE FAULT
A pole-to-pole DC fault can be analyzed into three distinct stages according to [57]:

1. DC cable and submodule capacitor discharge

2. AC transient infeed by the antiparallel diodes

3. AC steady state infeed and AC breakers activation

DC Cable and Submodule Capacitor Discharge At this stage, the cable and the capacitors of the inserted
submodules at the time of the fault discharge and contribute to the steep increasing fault current. The lower
control (capacitor balancing and circulating-current controller) continues its operation. As a result, capaci-
tors can be bypassed or capacitors can be inserted and contribute to the fault during this stage depending on
the gate signals references. The AC infeed during this stage is limited and can be assumed zero. In compari-
son to the 2-level VSC, the peak of the short-circuit current is foreseen to be much lower for the MMC due to
the small amount of distributed DC capacitors that are inserted in the circuit.
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The semiconductor switch turn off instant is a parameter depending on the converter internal protection.
The time period between the initialization of the fault and the blocking of the switches is important. The
later the semiconductor switches turn off, the higher the contribution from the capacitive discharge of the
submodules.

For this stage, an equivalent RLC circuit for one leg can be used in order to model the capacitors discharge.
In the following figure 6.13 the equivalent inductances, resistances and capacitances have the following val-
ues:

Leq = 2Lar m , Req = 2Rar m , Ceq =Csm/N

faultR
eqC

eqL eqR

cV



Figure 6.13: Equivalent circuit

The equivalent leg capacitance depends on the number of submodules inserted before the fault. It is
shown in [57] that Ceq = Csm/N provides a better approximation for the fault current than the equivalent
capacitance based on the energy stored in the capacitors Ceq = 2Csm/N .

The above RLC circuit is characterized by the following second order equation

d 2vc

d t 2 +2α
d vc

d t
+ω0vc = 0 (6.2)

where

α= R

2L

ω0 =
√

1

LC

In the case of a pole-to-pole fault, the fault resistance is very small and is assumed zero. Following the
cable inductance and resistance depend on the fault location in the DC line. In the worst case where the fault
is located close to the converter, the Rcable = 0 and Lcable = 0

For the first stage of a pole-to-pole fault the leg contribution is given by:

icap,di s =
Vdc

ωLeq
e

−Req
2Leq si n(ωt ) (6.3)

where

ω=

√
4Leq

Ceq
−R2

eq

2Leq

AC transient Infeed by the antiparallel diodes This stage begins when the IGBTs are blocked and the an-
tiparallel diodes come into conduction. Both AC and DC transient components are present on this stage.
From the previous stage, the capacitors discharging energy was stored in the arm inductors. At this point, a
decaying current is observed due to the release of this stored energy. The time constant of the RL circuit is
given:

tdc = Lar m/Rar m wher e Rar m = NRon
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Figure 6.14: DC fault stages

AC steady state infeed and AC breakers Activation In this stage, the AC side feeds entirely the DC fault. The
AC fault current is rectified through the antiparallel diodes, resulting in a six-pulse ripple in the DC fault cur-
rent. The AC breakers are activated and the converter is disconnected from the AC network. This activation
will take place after 2-3 fundamental AC cycles.

In the equivalent circuit for the MMC during fault contingencies, the response is affected by the power
semiconductor switches turn-off instant, the fault resistance and the DC inductance.

• Power semiconductor switch turn-off instant: If the switches turn off immediately at the fault instant,
the capacitors do not discharge and DC fault is directly fed by the AC side. The longer it takes to turn-
off, the higher the current peak contribution from the capacitors discharge. This parameter affects only
the first stage. This parameter is determined by the converter internal protection.

• Fault resistance R f : It affects both the steady state and the transient fault current. The larger the R f , the
lower the peak and the steady state DC fault current. Also during stage 2, the transient DC component
decays faster.

• DC side inductance Ld : The contribution in stage 1 is negligible. The greater the Ld the lower the rate
of rising of the DC fault. The transient component in stage 2 decays slower.

6.5.1. POLE-TO-POLE FAULT AT PORT 1
The aim of this section is to study the overcurrents and overvoltages presented in the system components.
The protection system is responsible to detect this non-healthy behavior and protect the system components.
The most important and vulnerable to fault components are the power semiconductor switches of the sub-
modules. For that reason, special attention should be paid to the arm current values. In this section, the
ability of the rest of the ports to continue their normal operation after a pole-to-pole fault contingency is also
studied. A port can continue its normal operation if it is not blocked by the protection system, meaning that
all the values stay between the predefined limits and if the control operation of the port is maintained.

The two poles of the transmission line are short-circuited. The worst case where the fault occurs close to
the port of the DC hub is studied. The submodules of the two terminal converters are blocked after the fault
is detected. In this way, the power semiconductor switches are protected and the antiparallel diodes start to
conduct. As a result, the fault current flows through the antiparallel diodes. In order to isolate the fault, AC
circuit breakers are used. The activation of the circuit breakers takes place after 2-3 fundamental AC cycles. In
the following fault studies, the worst case, where the AC circuit breakers are activated after 60ms is presented.
In the following simulations, the value of the arm currents of the faulty and the two other healthy ports are
calculated. In this way, the power semiconductor switches and the antiparallel diodes can be dimensioned
appropriately for the pole-to-pole fault contingency.
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NATURAL RESPONSE

A pole-to-pole fault at port 1 takes place at t = 1.5s. The fault resistance is assumed to be equal to 0.01Ω. The
fault detection system is in operation. The natural response of the DC hub is following studied, where on the
intermediate AC link only the two transformers are present without any phase reactors.

The fault current presents a value of 8.8pu at the time of the fault. In the point-to-point transmission line
p1p5, the overcurrent is detected immediately and the terminals 1 and 5 are blocked. This high fault current
is conducted by the antiparallel diodes of the faulty port. The large fault current will flow in the intermediate
AC link of the DC hub towards the other ports. The AC currents in the intermediate link are shown in figure
6.15. It can be observed that the currents of port 3 are much larger than port 2. The reason for that is the
control mode operation of the two ports. The port 2 operates in active power control mode preserving the
power and the current through the p2p4 stable to its reference values. While port 3 operates in AC voltage
controlled mode. The power in the p3p6 is not directly controlled. As a result, all the transient currents flow
through port 3.

Figure 6.15: AC currents during pole-to-pole fault

Following, these high currents will flow through the arms of the converters and affect the operation of
the rest of the ports. The arm currents shown in figure 6.16 follow the same pattern as the AC currents. The
DC voltages and currents of ports 2 and 3 are shown in figures 6.17 and 6.18. It is observed that the port 2
preserves its normal operation with a very small ripple (±0.04pu) in the DC voltage. While the DC voltage
of port 3 presents a ripple of ±0.17pu. This DC voltage transient lasts for 250 ms. Moreover, the DC current
reaches a peak of 3.3 pu but for a time period smaller than 1ms. It is assumed that such a high current for
such short period does not affect the cable insulation or enables the protection system. The fault current
flows inside the AC link increasing the values of the intermediate AC link currents of each port and finally
reaches the arms of the other converters.The AC cables should be dimensioned for each port separately.
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Figure 6.16: Arm currents during pole-to-pole fault at port 1
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Figure 6.17: Port 2 DC values during pole-to-pole fault on port 1
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Figure 6.18: Port 3 DC values during pole-to-pole fault on port 1
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A similar observation made in the connection and disconnection can be also made in the pole-to-pole
fault contingency. It is observed that the fault current flows through port 3. This leads to arm and DC line
current ripples. Following, the DC voltage transients affect in a small percent the AC voltage control of port
3. Port 2 continues its normal operation throughout the fault contingency. It is only affected by the small
changes of the AC hub voltage. Moreover, the high arm current is increasing the ripple of the sum capacitor
voltages as seen in figure 6.19.

Figure 6.19: Sum capacitor voltages of port 3

The DC voltage and current of p3p6 are affected by the fault. This affects the AC voltage control leading to
ripples. In figure 6.20 it can be observed a ripple in the AC voltage with a voltage drop at 0.75pu following by
an increase at 1.15pu and continuing with some oscillations before returning to its nominal value after 200
ms. This voltage drop in the AC intermediate link is the reason for the increase of the AC current at port 2 in
order to maintain the power transfer equal to 1 pu.

Figure 6.20: AC voltage during fault pole-to-pole on port 1

From studying the natural response for a pole-to-pole fault in port 1 it is observed that the currents flowing
through the antiparallel diodes are very large, but also the arm currents of port 3 are large. Although the
antiparallel diodes can be dimensioned for a higher current, the power semiconductor switches do not have
that attribute. This leads us to take action in order to limit this overcurrent. A way to limit this high fault
current is by inserting AC phase reactors in the intermediate AC link. At this point, the dimensioning of the
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components for higher currents is not suggested as the currents observed are still very high. In order for the
semiconductor switches to withstand the observed high currents, power semiconductor switches should be
used in parallel increasing not only the cost due to higher semiconductor switch use but also the losses.

PHASE REACTORS

The effect of adding a phase reactor in the AC side of the faulty port can be observed in figure 6.22. The
different values of inductance and the decrease in the arm current of the faulty port are presented in table
6.5. It can be observed that the larger the phase reactor, the lower the current peak. Also, it is observed that
after some point increasing the phase reactor value is not that effective in reducing the current peak as seen
in figure 6.21.

Table 6.5: Phase reactor effect on pole-to-pole fault on port 1

Case Inductance (mH) Inductance (pu) Current peak (pu)
A 0 0 7.70
B 30 0.084 5.20
C 60 0.168 3.95
D 90 0.252 3.15
E 120 0.335 2.95
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Figure 6.21: Phase reactor effectiveness on limiting the arm current peaks at port 1

Figure 6.22: Arm currents of port 1 for different phase reactor values
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A phase reactor of 0.335pu equal to 120mH is added in every phase of port 1, between the transformer
and the converter, in order to limit the fault current. The following case where P5 = 0.8pu and P2 = 0.9pu is
presented. In figure 6.23a the active power of each port is presented. A step is observed on the power of port
3 after the disconnection of the faulty port 1, while port 2 maintains the same power level. The pole-to-pole
fault affects the RMS value of the AC voltage in a small percentage of ±0.04pu. The AC voltage can be seen
in figure 6.23b. The AC currents are presented in figure 6.24. In port 1, which is closer to the DC fault the
highest currents are observed. In figure 6.25, the arm currents of every port are presented. In port 1 where
the submodules are blocked, the larger than 2 pu arm current is conducted by the antiparallel diodes. Port 3
presents a peak lower than 2 pu, while port 2 is almost unaffected by the fault. In figures 6.26 and 6.27 the DC
currents and DC voltages of all the ports are presented. The response of the DC link connected to the port 2
is similar to the cases of connection/disconnection. Port 2 is only affected by the small change in AC voltage
leading to small ripples of its values. Port 3 is directly affected by the fault, however without presenting high
values or losing its control. A ripple of ±0.075pu is present on the DC voltage, while the DC current presents
a ripple less than ±0.5 before attaining a new value, which is smaller than the previous because of the power
loss due to the faulty port’s disconnection.
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Figure 6.23: Values with phase reactor during pole-to-pole fault at port 1
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Figure 6.24: Values with phase reactor during pole-to-pole fault at port 1



84 6. DC FAULTS

(a) Port 1 (b) Port 2 (c) Port 3

Figure 6.25: Values with phase reactor during pole-to-pole fault at port 1

(a) Port 1 (b) Port 2 (c) Port 3

Figure 6.26: Values with phase reactor during pole-to-pole fault at port 1

(a) Port 1 (b) Port 2 (c) Port 3

Figure 6.27: Values with phase reactor during pole-to-pole fault at port 1

Overall, the simulation results indicate that the DC hub maintains its controllability. The thresholds for
the protection system can be adjusted accordingly based on the simulation results. The AC voltage control is
maintained which is important for the stability of the DC hub. Finally, the observed arm currents have values
under the predefined limits. A fault ride-through capability can be attained for port 1.

6.5.2. POLE-TO-POLE FAULT AT PORT 2
NATURAL RESPONSE

A pole-to-pole fault takes place at t = 1.5s at port 2 operating in active power control mode. Port 2 has higher
ratings compared to port 1 and as a result, the fault currents are higher. These large currents observed in
the simulations, lead to ripples on the AC voltage. The DC current in port 3 is over the predefined allowed
value and this result at the blocking of the converters. The results indicate that the operation of port 1 is not
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affected from the fault overcurrents, however, it is affected from the loss of the AC voltage control. From the
above, a useful conclusion can be made. It is important for the port operating in AC voltage control mode to
maintain its stability, as a loss of the AC voltage can lead to instabilities in the other ports.

PHASE REACTORS

After studying the fault response, it was observed that the arm currents of port 3 reach large values. The power
semiconductor switches are going to be damaged from these large fault currents. In order to limit the fault
current, a phase reactor is added on the intermediate AC link between the faulty port and the transformer.The
arm current peaks of port 3 are calculated for the different values of phase reactors. The results are shown
in the table 6.6. Similar conclusions with the previous case can be made. The increase of the inductor value
lowers the current peak but after a point, this increase is not so effective as seen in figure 6.28. It can be seen
that even for a value of 0.35pu equal to 210mH the peak current takes values of 2.9pu. Also, it was observed
that the addition of large phase reactors affects the active power control, resulting in slower changes for the
given references.

The study case of a pole-to-pole fault with the addition of a phase reactor equal to 0.225pu is presented.
Port 2 responsible for the active power control operates in P=0.5 pu.
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Figure 6.28: Phase reactor effectiveness on limiting the arm current peaks at port 3

Table 6.6: Arm current values of port 3

Inductance (pu) Current peak (pu)
0.05 6.94
0.1 5.9

0.15 5.02
0.2 4.29

0.25 3.73
0.3 3.27

0.35 2.9

In figure 6.29, the active power of all the ports can be seen. Port 1 continues to operate in the same
power reference after the fault, while port 3 lowers its active power due to the disconnection of the faulty
port 2. Moreover, the RMS voltage of the intermediate AC link presents a ripple of ±0.1pu and returns to the
reference value after 120ms.

The proper dimensioning of the SM’s power semiconductors can be done by observing the arm currents
in figure 6.30. As it was expected, the arm current of port 1 is not affected by the fault. However, a small
transient is observed due to the changes in AC voltage. Port 2 is blocked and the fault current flows through
the antiparallel diodes. The peak current observed is 3.9 pu, as a result, the antiparallel diodes should be
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Figure 6.29: Values with phase reactor during pole-to-pole fault at port 2

dimensioned accordingly. In port 3, the current is conducted by both the power semiconductor switches and
the antiparallel diodes. The arm peak current observed is 3.95 pu.

(a) Port 1 (b) Port 2 (c) Port 3

Figure 6.30: Values with phase reactor during pole-to-pole fault at port 2

Next, the DC values of the two healthy point-to-point transmission lines are observed. The peak DC
currents for port 1 and 3 are 1.12 pu and 2.2 pu. Also, the duration of these transients is 120 ms. The cables
can withstand these values and the protection system is not enabled. In figure 6.31 the DC voltages of port
1 and 3 are observed. A maximum ripple of ±0.06pu pu is observed in port 1 while in port 3 the maximum
ripple is ±0.11pu. The transients observed in port 1 has a duration of 200 ms while in port 3 for 300 ms before
they return to their nominal values.
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(a) Port 1 (b) Port 2

Figure 6.31: Values with phase reactor during pole-to-pole fault at port 2

Overall, port 3 is directly affected by the fault, while the transients observed in port 1 are caused by the
changes observed in the intermediate AC link voltage. The system continues its normal operation after the
fault and all the reference values are maintained. In order to achieve a fault ride-through capability apart from
the phase reactors addition, power semiconductor switches should be added in parallel in order to attain a
maximum threshold of 4 pu.

6.5.3. POLE-TO-POLE FAULT AT PORT 3
The last port to be studied under pole-to-pole fault is port 3 operating in AC voltage control mode.

NATURAL RESPONSE

Firstly, the natural response of the DC hub is observed for the pole-to-pole fault contingency at t = 1.5s.
The protection system of port 1,2 is disabled in order to observe the response of each port. After the fault
occurrence, the AC voltage starts to collapse. Following, there are observed large DC currents from the outer
terminals towards the fault location. These large currents pass through the arms of the converters and the
cables of the AC intermediate link. Next, the fault detection system located on the DC link is enabled. As
it was expected due to the high currents present on the DC line both the converters of the point-to-point
transmission lines are blocked. The currents are above the predefined limit for the DC line. The AC voltage of
port 3 collapses. As the other two ports maintain their AC voltage, an inrush current will be present from port
1,2 towards 3 due to the voltage difference. Port 1,2 feed the current until they are blocked. In the studied
scenarios submodule fault detection system is disabled in order to study the overcurrents inside the arm. As
seen in figure 6.32a port 2 absorbs higher current than 2 pu. In this case, the protection system located on the
arms will act faster than the one on the DC link. The arm currents are shown in figure 6.32a. In this case, all
the ports are blocked and the DC hub is not operational.

In the previous sections, in order to limit the large fault currents, phase reactors are inserted in the in-
termediate AC link. In this case, as the DC hub stops its operation and all the converters are blocked, the
intermediate AC link does not feed the fault current. For that reason, the currents observed in the system are
lower compared to the previous cases. This leads to the fact that no extra phase reactors are needed in order
to limit the fault current.

After the fault occurrence, efforts were made in order to block only the faulty pole, while the rest of the
ports to continue their normal operation. This case is similar to section5.2.3 where the port responsible for
AC voltage control is disconnected and another port changes its control mode operation. In comparison with
the simple disconnection, the same could not be achieved in a pole-to-pole fault contingency. The system
control is lost leading to instabilities and finally, all the ports are blocked.

In order to limit the large currents present in the arm currents, the following solution is proposed. Af-
ter the fault occurrence, the protection system does not only send a signal to block the faulty port but also
sends signals to the other ports of the hub in order to get blocked. It can be assumed that as the ports are lo-
cated very close, the block signals can be enabled almost instantly after the fault detection. This fast blocking
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Figure 6.32: Comparison of arm currents based on blocking times

leads to lower values for the arm currents. In section 6.5 the three distinct stages of a pole-to-pole fault were
presented. In the presented case only stage 1 takes place namely, the DC cable and submodule capacitor dis-
charge. As a result, the AC infeed stage is skipped. In figure 6.32b , the arm currents are presented. Moreover,
there are no overcurrents observed in the AC link. After the currents return to zero approximately in 300 ms,
the restoration of the system can begin. In case of a permanent fault at port 3, port 3 remains blocked and
port 2, fulfilling the attributes of being responsible for the AC voltage control, restarts its operation but now
in AC voltage control mode.

6.6. CONCLUSIONS
The results in the section of the pole-to-ground fault indicate that the DC hub can obtain a fault ride-through
capability following the proposed design methodology. This capability allows the faulty port to continue its
operation with the condition that the healthy pole can stand twice the rated voltage. It is important to see that
in this case, the transmission power and the DC-voltage are at the same level as in the pre-fault system. In
case of a permanent fault, the pole-to-ground fault needs to be cleared as fast as possible. The results provide
important insights for the transformer configuration used at the AC side of every port in the DC hub. A third
transformer is added on (D-Yg) configuration in order for every port to have fault ride-through capability. This
fact increases the dimensioning of the system by increasing the size, weight, and cost, however, it offers fault
ride-through capability under pole-to-ground faults for the DC hub. Overall, the simulation results suggest
that the DC hub continues its normal operation after the pole-to-ground fault contingency. The faulty port
can also continue its normal operation. This is an advantage especially in the case where critical loads are
connected to the faulty DC line. The system can withstand temporary overvoltages, providing the time in
order to take the appropriate actions. Such actions can be the decrease of the power flow in the transmission
line and the activation of the AC circuit breakers in order to disconnect the line.

In the second part of this chapter, the most severe pole-to-pole fault is studied. The natural response to
the fault on every port is presented. Overall the results suggest that with the addition of phase reactors, a
fault ride-through capability can be achieved for the rest of the DC hub while the faulty port is disconnected.
This conclusion is valid for ports 1 and 2. In port 2 as the arm current peaks get higher than 2 pu, there is a
need to parallel more than one semiconductor switches. As far as it concerns port 3 simulations showed that
changing the port operating in AC voltage during a pole-to-pole fault contingency results in losing the AC
voltage control. In the normal disconnection of a port operating in AC voltage control and the control change
operation of another port was successful, as seen in the previous chapter. However, in the pole-to-pole fault
contingency, the high current does not allow the control change, leading to instabilities. For this reason, the
whole DC hub needs to shut down. The solution of blocking fast the healthy ports in order to limit the large
currents is proposed. In case of a temporary fault, the DC hub restoration can take place after the fault is
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isolated and all the currents have zero values. This time is calculated to be 300ms. In case of a permanent
fault, after 300ms, a new port will be responsible for the AC voltage control.





7
CONCLUSIONS AND FUTURE WORK

7.1. CONCLUSIONS
Nowadays, there is a movement towards the creation of HVDC grids. The motivations for being attractive
were mentioned in the introduction. Moreover, there are still some limitations and further research is needed
for the creation of HVDC grids. Consequently, this thesis focused on the study of a new element which can
offer solutions to the different limitations. A DC hub is presented, while its operation under transient phe-
nomena and the ability to isolate DC faults was studied. The conclusions reached through answering the
main objectives are presented hereby.

DESIGN OF A THREE-PORT DC-DC CONVERTER
The DC hub is a multiport high power high voltage DC-DC converter. In order to make a decision over the
most appropriate topology for a DC hub, it is logical to study first the two-port DC-DC converter. A literature
review took place, the advantages, disadvantages and most importantly, the ability of a two-port DC-DC con-
verter to upgrade into a multiport were examined. The different topologies were categorized. It has been seen
that although the one-stage topologies are more compact and have a smaller footprint, they are not so promi-
nent to be used in a DC hub as their upgrade is complex, costly and not efficient. The most dominant design
is the front-to-front topology. From the different VSC-converters, the modular multilevel converter being
now a mature technology predominate the others. The state of the art MMC offers higher reliability, higher
power quality, lower losses and has a modular structure. Also, it has advantages during fault contingencies
compared to the two-level VSC. Furthermore, by studying the DC hub literature, there are two dominant ap-
proaches based on the components used on the intermediate AC link. The first approach uses LCL filters and
based on the resonance, the different voltage levels are matched. It offers the advantages of a small footprint
by only using capacitors and inductors in the AC link. Also, a great advantage is its fault response, achieving
fault ride-through capability. However, some disadvantages are present. The fact that the new line to be con-
nected must have a lower voltage than the central capacitor voltage and the symmetrical DC voltage stepping
around a central point, not allowing the use of asymmetric monopole configuration, limits the expandability
of the DC hub. Furthermore, in the resonant DC hub configuration, all the ports must operate in the rated
full power in order to have zero reactive power circulation. This fact leads to lower efficiencies when the ports
are not operating at full power. In fact this can happen very often due to the intermittent character of the
renewable energy sources. These are parts of the basic attributes of a DC hub. The limits observed in the
expandability and power flow efficiency lead to the decision of using an intermediate AC transformer instead
of LCL filters.

The multiport DC-DC converter using MMCs in front-to-front configuration with AC transformers located
in the intermediate AC link is chosen as the most prominent topology. It has the advantage of interconnect-
ing multiple HVDC lines at different voltage levels and with different configurations. Moreover, the modular
design of the DC hub offers connection points for expansion. Any number of ports can be added by con-
necting to the intermediate AC link via a transformer. After observing the natural instabilities inside the DC
hub a different control approach is suggested. Based on this approach, all ports operate in current-control
mode, except the port responsible for maintaining the AC voltage in the intermediate link, which operates in
voltage-control mode. Moreover, the design of a three-port DC hub with different power and voltage levels
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on every port and with different control modes was presented. A discussion and a suggestion for the control
role distribution took place. The port with the highest power rating is chosen to operate in AC voltage control
while the port with the lowest power rating in DC voltage control. These decisions were made after observing
the operation of DC hub under step reference changes in the controlled values and were following confirmed
through the line connection/disconnection and the DC fault studies. The basic characteristic of the designed
DC hub is the fact that in the point-to-point transmission line where the port operates in AC voltage control,
there is an absence of direct active power control. The active power of this port is equal to the sum of the two
other ports. Apart from the AC voltage control, the port with the higher rating power is responsible to provide
power to the other two ports and has the capability to absorb or provide the transient currents, which due to
higher power rating have less impact on its operation. It was observed that the operation of the port operating
in DC voltage control mode had no effect on the operation of the one operating in active power control mode
and vice versa. However, the step reference changes performed on the values of DC voltage and active power
affect the operation of the port responsible for the AC voltage control of the intermediate AC link.

ANALYSIS OF THE DC HUB RESPONSE TO A LINE CONNECTION/DISCONNECTION

In the study case of a line connection, an inrush current is observed in both scenarios of connecting a port
operating in DC voltage and a port operating in active power control mode. The use of insertion resistors is
proposed for the first 0.5-1s in order to limit this inrush current, leading to a smoother transition. Overall,
it was shown that the system continues its normal operation without any large currents or voltages being
present. The port disconnection was next studied more in depth. For all the ports two cases, one in zero
power and one in full power were presented. The results indicate that when the suggested steps for a line
disconnection are followed, an excellent transition is achieved. The suggestion is to keep the power flowing
through the line to be disconnected at zero, in order to minimize the transient effects on the rest of the system.
After reaching a point of zero power flow, then the AC breakers located in the intermediate AC link can open.
However, in some cases, a port can be disconnected while operating at full power. The worst case of all
the ports operating at full power was next studied. The results show that the DC hub continues its normal
operation after this case. In both cases of connection and disconnection, the system maintains its operability
and there are no high voltages or currents observed in the system.

To complete the line disconnection study, the special case of disconnecting the port responsible for con-
trolling the AC voltage inside the DC hub was next studied. In this case, in order for the rest of the system
to continue its operation, a different port must change its control mode and operate in AC voltage control
mode. The new port is chosen according to the following suggested criteria. First, the port must have the
higher power rating. Second, it should operate in active power control mode. Third, the power flow must be
bidirectional. Finally, it can cover the power needs of the remaining ports. From the results, the successful
disconnection of port 3 was observed, when zero power transfers through the DC hub. Furthermore, in case
of a full power operation, such a change results in power reversal for the port operating now in AC voltage
control. In this case harsher transients were observed, however, the system maintains its controllability. The
following useful insights are provided from the simulation results for different levels of power reversal. A big
power reversal, results in large DC current peaks and lower values for the DC voltage, for longer time periods.
In order to observe the maximum and minimum values during the transient events, the protection system
was disabled. The thresholds of the protection system are project specific.

ANALYSIS OF THE NATURAL FAULT RESPONSE OF THE DC HUB

It is stated that for the fault studies the symmetric monopole configuration is only examined as it is the most
commonly used. The pole-to-ground fault was first studied. In the first design of the system, two transform-
ers are present. This decision was based on the following criterion. In order to achieve the interconnection of
N ports with different DC voltage levels, N-1 transformers should be used. Different three-phase transformer
configurations were examined. During a pole-to-ground fault, the voltage of the faulty-pole was observed to
reach a zero value, while the healthy pole reaches a new value equal to two times the pre-fault value. How-
ever, this pole displacement did not change the pole-to-pole voltage and the transmitted power according to
the results. The voltage mutation observed in the poles was following seen in the phase voltage of the inter-
mediate link. A DC component is now present on the AC voltage. Two different cases can be distinguished.

1. First, the three phases of the faulty port end up to a grounding. This can be seen in the examined case
6.4.3 of a pole-to-ground fault taking place in port 3. The results showed that the mutated AC voltage
tries to oscillate around zero because of the grounding presence. This behaviour results in instabilities
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and loss of the DC hub control.

2. Second, the three phases of the faulty port end up to transformer windings with no grounding. In this
case, as no grounding is present, the DC component of the mutated AC voltage will not discharge to
the ground. The results have shown that the DC component is now filtered through the transformer.
As a result, the DC component does not pass through the transformer and is not affecting the system’s
operation.

The pole-to-pole fault has fewer probabilities to occur when compared to a pole-to-ground fault, but it
is more severe. The stages of the fault were studied. The most expensive and vulnerable components in the
MMC are the power semiconductor switches, thus they should be protected from large currents. When a
fault is detected, a signal is sent to block the power semiconductor switches. As a result, the fault current
flows through the antiparallel diodes. The submodule capacitor discharge stage duration is very small as the
turn-off time of the power semiconductors is almost instant. The next stage is the AC transient infeed by
the antiparallel diodes. After the fault, the DC link voltage has collapsed. The fault current flows through
the arms of the faulty port and large currents are also observed in the intermediate AC link. Different DC
hub fault responses were observed depending on the operation of the port. The two following cases can be
distinguished:

1. Port 1 and 2 The simulation results have shown, that when a fault occurs on port 1 or 2, the fault is
fed only from port 3. Respectively, in port 1 or 2, high fault currents are not observed and these ports
try to continue their normal operation. However, in port 3, who is responsible for the control of the
AC voltage, large currents are observed. The fault current is observed to disturb the AC voltage control
leading to instabilities. The port 1 and 2 are not affected directly by the fault. The loss of the AC voltage
control in the intermediate AC link results in the control loss of all the remaining ports in the DC hub.

2. Port 3 The second case is when a pole-to-pole fault takes place in port 3, which is responsible for the AC
voltage control. The simulation results showed that the DC link of the faulty port collapses and the AC
voltage goes to zero. Large DC currents are observed in the two healthy ports enabling the protection
system. As a result, the remaining ports are also blocked. The DC hub is now out of operation.

After the pole-to-pole fault analysis, similar conclusions can be made with the previous cases of step
reference changes and line connection/disconnection. Port 1 and port 2 operating in DC voltage and active
power control had no connection and the operation of the one does not disturb the operation of the other.
These two ports have a direct active power control, contrary to the port 3 which has no active power control.
For that reason, port 3 feeds the fault. Moreover, the importance of the port responsible to maintain the AC
voltage of the intermediate AC link in order to keep a stable operation is observed.

SPECIFY THE DESIGN REQUIREMENTS IN ORDER TO PROVIDE FAULT RIDE-THROUGH FOR DIF-
FERENT DC FAULT TYPES
After studying the natural fault response of the DC hub, an effort was made to provide fault ride-through for
the different DC fault types. To begin with, AC circuit breakers are used to isolate the DC faults. The usual
time of AC circuit breakers activation is 2-3 fundamental AC cycles. In the current thesis, the worst case
is examined, where the faulty port is disconnected after 60ms. In order to provide fault ride-through, the
system should maintain its operability.

First, a design methodology is proposed to provide fault ride-through for the pole-to-ground faults. The
importance of the transformer configuration in the AC link was presented. The use of a (D-Yg) configuration
transformer in every port is proposed. The delta winding is located on the converter side. The simulation
results have shown that the rest of the ports continue their normal operation without any large currents or
voltages present on the system components. Moreover, it was observed that the faulty port also continues
its normal operation. After the fault, a pole displacement is observed but the pole-to-pole voltage and the
transmission power are maintained constant. The fact that no high arm currents are present and there is no
need to block the converters is an important advantage of this topology. Apart from the transformer addi-
tion, the DC cables should be dimensioned in order to sustain the temporary overvoltage. The attribute of
maintaining the operation of all the ports offers flexibility to the system. In case of a temporary fault, the fault
occurrence does not affect the system and the operability is maintained. In case of a permanent fault, the
system has time to react. The faulty port controls its power flow to the zero. Next, a smooth disconnection of
the faulted line can take place. This is very important in the case where critical loads are supplied.
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In the most severe case of a pole-to-pole fault, phase reactors are proposed to be used in order to limit
the fault current. DC faults in all the ports were studied. The results showed that the addition of phase
reactors between the transformer and the converter can lower the fault peak current. By increasing the size
of the inductor, the observed current peak in the arms of the converter lowers. It can be observed that after a
certain point the increase of the inductor is not that effective in limiting the fault current.

In the case of the port 1, a 120mH phase reactor, equal to 0.335pu is added. According to the results, the
arm current peak of the port 1 is less than 2.5pu. This current is conducted by the antiparallel diodes which
can be dimensioned for higher than the 2pu limit. The arm current of port 2 is not affected by the fault.
Observing the arm current of port 3, the peak is lower than 2pu. The power semiconductor switches can
handle this value and the protection scheme is not going to be enabled. Moreover, the AC voltage controlled
by port 3 is only affected by a small percentage of ±0.04pu. This is important because the AC voltage of the
intermediate link is stable after the fault and the remaining ports can continue their operation. As far as it
concerns the DC currents and voltages of the healthy ports, their values are kept close to the reference values.
Port 3 presents a DC voltage ripple of ±0.075pu and a DC current ripple less than ±0.5pu. The duration of
these transients is 200ms.

Port 2 presents the same behaviour as port 1. However, in this case, the DC voltage and the port power
rating are higher. The design methodology of adding a phase reactor is again proposed. A phase reactor equal
to 0.225pu is added, this value is equal to 135mH . At port 3, the values of the arm currents are bellow 4pu.
For that reason, the solution of a phase inductor is not enough. Also, power semiconductor switches should
be used in parallel in order to double their maximum current conduction limit. After completing these design
requirements, the DC hub can attain a fault ride-through capability. It is observed that the system maintain
its operability after the fault occurrence. The intermediate AC link voltage presents a ripple of ±0.1pu and
returns to the reference value after 120ms. At port 3 the DC voltage presents transients for 300ms, with a
maximum ripple of ±0.11pu. The values of the DC currents stay between the predefined limits.

In the case of port 3, a pole-to-pole fault was seen to lead to the collapse of the intermediate AC voltage
and the blocking of all the ports. Efforts were made to change the operation of another port to AC voltage
control in order to maintain the AC voltage control of the DC hub. In comparison with the normal case of
disconnection, in the fault case, this control change was unsuccessful. The solution of blocking fast not only
the faulty but also the remaining ports is proposed. In this way, the arm fault current is limited. In case of
a temporary fault, the DC hub restoration can take place after the fault is isolated and all the currents have
zero values. This time is calculated to be 300ms. In case of a permanent fault, after 300ms, a new port will be
responsible for the AC voltage control.

7.2. FUTURE WORK
Several aspects can be relevant for future study and investigate the other features of MMC based multiport
DC-DC converters. Suggestions for future work include:

• The possibility of connecting an AC grid with generation and/or load to the intermediate AC link of the
DC hub can be studied.

• In the current thesis, the half-bridge cell configuration is used. The full-bridge or other possible con-
figurations can be a next step for modeling of a multiport DC-DC converter and study the different
responses to DC faults.

• As the intermediate AC link is independent of the AC grid, higher frequencies can be used. In this way,
a study can take place comparing the trade-off between decreasing the footprint and increasing the
loses.

• The trapezoidal waveform can be used instead of the sinusoidal in the AC link. A study can take place
comparing the footprint of the two systems.

• A different control approach can be followed in an effort to aid in the fault protection.

• A prototype for laboratory hardware realization should be constructed to test the control of MMC and
verify the DC hub operation.
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