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Abstract

This thesis presents a comprehensive comparison of state-of-the-art HVDC con-

verters with DC fault-blocking capability, based on the modular multilevel con-

verter (MMC) including half-bridge, full-bridge and mixed cell variants, and the

alternate arm converter (AAC) topologies. The comparison includes AC and DC

power quality, and semiconductor losses considering different operating condi-

tions and design parameters, such as the number of cells and component sizing.

In addition a thorough comparison of the transient behaviours is also presented.

The transient behaviours of the aforementioned converters are assessed under

various conditions including charging sequence, operation in unbalanced grids,

and DC fault recovery. Such thorough comparative studies have been performed

using high-fidelity converter models which include detailed representation of the

control systems that reflect real-scale projects, and of the converter thermal cir-

cuit. The main findings of the investigation are intended to assist in the selection

of the most suitable converter, given specific performance specifications such as

power losses and quality, control range, capacitor voltage ripple, cell capacitor

requirements, and improved response during transient operation.

The findings of the state-of-the-art HVDC converter comparison inspired two

novel topologies, which represent extension of the MMC and AAC topologies.

An Enhanced MMC (EMMC) is proposed where the number of output voltage

levels is related to the product of the numbers of half-bridge and full-bridge cells

rather than the sum. In this way a large number of voltage levels is achievable

using a reduced number of cells. In comparison with the conventional MMC, the

EMMC reduces the structural complexity and removes the passive filtering, while

it has compact footprint for high and medium voltage applications. An improved

AAC (IAAC) is proposed which removes completely the need for a DC filter and

reduces the DC fault current levels, whilst retaining small footprint and good

efficiency.

A flexible laboratory scale prototype converter is designed and constructed,

providing experimental evidence to support the off-line simulations studies.
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Chapter 1

Introduction

1.1 Background

In 1992 in Rio de Janeiro, the United Nations (UN) stimulated the first motion

to control anthropogenic interference in climate change, including the reduction

in emissions of greenhouse gasses such as carbon dioxide (CO2) [1]. In 1997, the

Kyoto Protocol was agreed where each signatory committed to generating at least

20% of their country’s power production from renewable energy systems (RES)

[2]. As a follow up to the Kyoto Protocol, the Paris Agreement in 2015 placed

further action on combating global warming [3]. One of the main contributions

of the UN’s treaties is decentralised energy production, generated from RES such

as wind, tidal and solar energy harvesting, usually in remote locations [4]. As

an example, Europe has great offshore wind generation potential in the North

Sea, which is ideal for wind farms (WFs). A by-product of employing RES for

energy production is the enabling of energy-sufficient states, countries or unions

which can remove the reliance on fossil fuels [5]. Furthermore, electrical intercon-

nection of multiple territories can increase the stability of regions which can be

further expanded to economic and political levels. Examples of this include the

EuroAsia [6] and EuroAfrica [7] Interconnections between Greece, Cyprus, Israel

and Egypt. Additionally, by increasing energy production from RES, achieving

power balance in future power systems will be a major challenge. Consequently,

there is an increasing need to create multi-connections [8] between countries in

order to match the continuous energy demand, and achieve optimal and flexible

energy supply. Increased decentralised power generation creates the need for long

distance, efficient energy transmission.

AC based transmission has inherent limitations including reactive power con-

sumption, increased power losses over long lines, increased conductor cost due to

skin effect, and inability to interconnect asynchronous systems directly [9]. The
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utilisation of DC technology for energy transfer is considered to be a viable option

as it allows multi-interconnections. However, the initial capital cost is considered

to be much higher than that of AC transmission technology [10]. It is therefore

only considered to be financial viable once the transmission distance exceeds a

critical value, where the operational efficiency outranks the initial capital cost

when compared to AC based technology [11]. Initially, high voltage direct cur-

rent (HVDC) systems were based on current source converters (CSC), namely line

commutated converters (LCC). However, due to the lack of flexibility in terms

of grid synthesis and operation, and difficulties in realising multi-terminal grids

using LCC, the industry and scientific community focussed attention on voltage

source converters (VSC).

Before the renewable energy era, VSC were mainly used in motor drive sys-

tems and operated in controlled environments. Nevertheless, after the increasing

growth of renewable energy penetration during the 1990s, the VSC was adopted

as the main technology for interfacing wind turbines (WTs), satisfying grid code

requirements such as voltage and current harmonic content, and providing ride-

through capability. Consequently, incorporation of VSC in HVDC systems al-

lowed increased operational flexibility such as independent control of the active

and reactive power, fast power response, connection to weak networks, and start-

up without the need for an external power source (black-start) [12]. The initial

VSC HVDC topologies included the two-level and neutral-point clamped con-

verters. Despite the limitations of early VSC, including high losses and voltage

stress on the interfacing transformer, industry developed further VSC technology

by introducing multilevel converters that are able to address the aforementioned

limitations.

With the advent of multilevel VSC two main events revolutionised HVDC [13].

Firstly, the multilevel converter architecture allowed implementation of additional

features such DC fault blocking operation and flexible DC voltage control, and

facilitated development of new structural topologies of VSC, including the mod-

ular multilevel converter (MMC) and other hybrid variants such as the alternate

arm converter (AAC). Secondly, the early VSC topologies were dependent on

series connection of IGBTs. This technology was only offered by a single com-

pany (ABB) [14]. The multilevel structure removed the need for series connection

of IGBTs resulting in the VSC-HVDC converter market being opened to other

manufacturers such as Siemens [15], GE [16], and Mitsubishi.
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1.2 Motivation

In order to synthesise and construct practical multi-terminal DC grids, several

issues need to be addressed including power flow control, dynamic behaviour, sys-

tem integration and DC fault ride through. Also, the implementation of the key

equipment for HVDC grids has to be efficient in order to reduce the operational

cost due to thermal losses in the passive equipment and semiconductor devices.

Additionally, in order to reduce the initial invested capital cost, the equipment

has to have a small footprint. The benefit of small footprint is key when the in-

stallation is in an environment with confined space, such as an offshore platform.

One of the inherent disadvantages of VSC when compared to LCC is DC

fault tolerance. In LCC, thyristors which can withstand large DC surge currents

are used. However, the VSC uses IGBT technology and cannot tolerate large

fault currents. Moreover, DC fault current can develop rapidly and can reach

very high values, depending upon the equivalent fault impedance, in only a few

ms. Therefore, VSC based HVDC grids demand rapid fault blocking operation

in order to protect the grid equipment.

There are three main, contenders for DC fault blocking equipment. The first

is the DC circuit breaker (DCCB) which is an additional device incorporated

into the system and whose only purpose is to block DC faults. The cost of this

device increases significantly the initial capital cost of the HVDC grid as it does

not provide any other functionality. However it is considered to be one of the

key components for future meshed multi-terminal DC grids. The second is the

‘DC transformer’, which is a DC to DC converter that can interface different DC

grids operating at different DC voltage levels. However, the ‘DC transformer’

increases both the capital cost and the operational cost, as they usually consist

of two AC to DC converters. The third option, which is the subject of this the-

sis, is DC fault blocking through AC to DC converters. Although, AC to DC

converters can achieve very fast blocking operation, the increased operational

costs cannot yet justify such functionality. Moreover, blocking the AC to DC

converter in a meshed grid immediately interrupts the power flow to other loca-

tions of the grid. In spite of this, AC-DC converters can be readily enhanced to

incorporated features such as DC voltage controllability, reduced footprint, pole-

to-ground fault ride through, unbalance operation, possible reduction of DCCBs

requirements, and decreased initial capital cost of a multi-terminal DC grid. The

additional functionality a reduced capital costs are traded against increased op-

erational costs (losses). However, the functionality and the capital cost reduction

potentially become even more significant and offer great advantages as the grid
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is expanded. As multi-terminal operation tends to expand through countries and

continents, various manufacturers may introduce different VSC technologies for

the same DC grid. This introduces a new challenge regarding converter compati-

bility, as each manufacturer may be reluctant to share information regarding the

accurate operation of each converter. This may lead to interoperability issues

regarding the interactions of the controllers, due to different control and different

hardware implementations. In the case of supergrid development, it is crucial to

initially quantify and address such issues.

1.3 Scope

The main focus of the thesis is summarised as follows:

• Establish high fidelity and resource efficient HVDC converter models suit-

able for full-scale time-domain simulations, including various control layers,

and thermal and loss models based on real converters currently produced

by major manufacturers.

• Investigation of state-of-the-art multilevel HVDC converters, in terms of

their efficiency, dynamic response and suitability for future HVDC grids.

The comparisons establish the absolute steady-state operation limits of dif-

ferent multilevel HVDC converters.

• Investigation of state-of-the-art multilevel HVDC converters during tran-

sient operation, focusing on potential faulty and uncontrollable operation.

The comparisons aim to establish the features and functionalities of each

converter topology being considered.

• Development of novel topologies which address some of the shortcomings

of the state-of-the-art HVDC converters.

• Development of a flexible low-voltage laboratory test set-up which can val-

idate the aforementioned investigations and developments.

1.4 Thesis organisation

The thesis is organised according to Fig. 1.1 and the outline is presented as

follows.
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Chapter 2

review

Chapter 3

model

Chapter 4

steady-state

Chapter 5

transients

Chapter 6

lab rig

Chapter 7

EMMC/IAAC

operation

operationdevelopment

Figure 1.1: Thesis organisation.

Chapter 2 provides a thorough open-literature review of researched HVDC tech-

nologies. The review includes AC to DC and DC to DC converter topolo-

gies, HVDC grid architectures, transmission lines, and protection equip-

ment such as DCCBs and DC choppers. The Chapter includes the neces-

sary material related to HVDC energy conversion and the crucial equipment

which is related to safe and robust HVDC grids.

Chapter 3 presents the mathematical analysis and model development of high

fidelity, efficient time-domain models which were used in the course of the

research studies documented in this thesis. Models include accurate repre-

sentation of the semiconductor valves and control layers in order to reflect

realistic transient-based simulation studies. The models developed were

compared to assess accuracy computational overhead.

Chapter 4 investigates and analyses the absolute operational limits of state-of-

the-art converters, including the capability to dynamically control currents

and voltages for the AC and DC sides of an HVDC grid. The investigation

includes the realisations of multilevel converters from various manufactur-

ers, as well as converters with DC fault blocking capability. The investi-

gation compares the converters according to efficiency, active and reactive

power capabilities, AC and DC power quality, and the operational levels of

DC link voltage.

Chapter 5 investigates the transient behaviour of converter topologies that are

analysed in Chapter 4. The investigation highlights the operation during

unbalanced AC grid, pole-to-ground and pole-to-pole DC faults, and the

charging sequence from the AC and DC sides. Furthermore, an investigation

was conducted on a modified converter in order to observe its ability to
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limit DC fault current, in order to reduce the requirements of the DCCB

technology.

Chapter 6 describes the development of a low-voltage laboratory test-rig which

allows validation of selected offline simulation results through hardware

tests. The experimental investigation also enables the limitations of a real-

world implementation, rather than just a simulation, to be highlighted.

Chapter 7 presents a novel MMC for medium and high voltage applications.

The EMMC achieves increased power quality with reduced numbers of cells.

Simulations and experimental studies were used to validate the proposed

converter and its feasibility was assessed by comparison with the conven-

tional MMC. Furthermore, the novel topology was investigated for its ap-

propriateness in medium voltage applications such as WT converters. Also

the chapter proposes a novel multilevel converter which improves the AAC.

The specific topology achieves functionalities and features similar to an

AAC without the need for a DC filter. Converter functionality is validated

through offline simulations, whilst DC fault blocking capability is also in-

vestigated.

Chapter 8 includes the conclusions of the thesis and summarises the findings,

outcomes and contributions of this research work. Additionally, suggestions

for potential future research are included.

1.5 Contributions

The main contributions of the thesis are the following:

• Detailed full-scale models of various HVDC converter topologies. Devel-

opment of high fidelity computationally efficient models of HB-MMC, FB-

MMC, MC-MMC, and AAC. Development of pragmatic controllers which

offer realistic, practical voltage and current responses. Detailed design of

realistic hardware implementation of various HVDC converters.

• Detailed comparison between a number of converter topologies, in terms

of power losses, AC and DC power quality, and design considerations, be-

yond any existing in the open literature. Comparison of AC and DC power

quality for various topologies and their variants. Exposure of the relation-

ship between AC and DC power quality, quantifying the produced internal

voltage and current harmonics and ripples, for various topologies and their

variants.

6



• Comprehensive dynamic and transient capability assessments of the state-

of-the-art converter topologies. Thorough investigation of realistic limita-

tions and operation of various topologies, exposing design advantages and

disadvantages regarding topological and controller realisations.

• Proposal of two new enhanced converter topologies for point-to-point and

HVDC grids. The first new topology increases the power quality of MMC

with reduced volume and complexity, and the second addresses fundamental

disadvantages of AAC.

• Experimental validation of the proposed topologies and comparison with

the existing topologies. Design of an efficient and flexible hardware demon-

strator for use in a low voltage laboratory environment, to facilitate exam-

ination of the functionality, limitations and operation of different converter

topologies.
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Chapter 2

State-of-the-art and future

technologies for HVDC grids

2.1 Introduction

HVDC networks consist of a variety of equipment for safe and robust energy con-

version and transmission. The expansion of HVDC networks and grids demands

new equipment, which offers a variety of functionalities. Due to the nature of DC

transmission, the effectiveness and efficiency of the system rely completely on

the installed equipment. With the advent of high power density semiconductors

it is possible to manipulate the electrical quantities, directing and constructing

equipment that is tailored to the requirements of HVDC. This chapter reviews

the equipment that is required for HVDC transmission, from simple to super

grids. The review includes the equipment which is responsible for AC to DC, DC

to AC and DC to DC energy conversion, the DC protection equipment and the

transmission lines.

2.2 HVDC converters

This section includes a review of HVDC converter technology, which allows AC

and DC network interconnection. The converter’s primary operation is to convert

the energy from AC to DC and vice versa, efficiently and safely [8]. Secondary

features are desired, such as improved power quality, and AC-DC fault limita-

tion and blocking, but without undermining the converter’s primary operating

features.
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2.2.1 Diode rectifier unit

A diode rectifier unit (DRU) is an uncontrolled naturally commutated AC to DC

converter, as shown in Fig. 2.1. The benefit of introducing DRUs in HVDC is the

reduction of operational and capital costs by 20% and 30% respectively, compared

to controllable converters [17]. Also the volume and weight requirements of the

incorporated off-shore platform are reduced significantly, due to the absence of

large passive components for energy conversion [17]. Furthermore, due to the

simplicity of the circuit and the high robustness of the HV diodes, the design of

a DRU is characterised by high modularity and reliability with low maintenance

costs [18]. However, a DRU does not allow power reversal, while DC faults may

jeopardise the stability of the AC system [19].

Figure 2.1: Diode rectifier unit.

2.2.2 Line commutated converters

Line commutated converters (LCC), shown in Fig. 2.2, are able to transfer bulk

power up to 12GW between two points at 1100 kV [20]. Thyristor based tech-

nology allows higher power density converters compared to IGBT based VSCs.

Furthermore, the device forward voltage is lower hence the total semiconductor

losses are low.

Additionally, thyristors are robust devices capable of withstanding 6.2 kA

during steady-state operation, while they have the ability to manage surge cur-

rents up to 140 kA. As a result LCC can manage and survive DC fault currents.

Nevertheless, the LCC has several disadvantages [21]:

• In order to retain unity power factor under various operating conditions,

during different thyristor firing angles, the converter consumes reactive

power.

• Low frequency harmonic content in the DC and AC sides is high due to

the nature of the thyristor-bridge rectifying operation. Passive filters are
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necessary to attenuate the low frequency harmonics on the AC side to com-

ply with the THD requirements, while high value DC reactors have to be

incorporated to suppress the high magnitude DC ripple.

• Although the LCC semiconductors are of higher power density compared to

VSC and the valve size is reduced, the necessity for reactive power compen-

sation and AC/DC filtering increases the footprint dramatically compared

to VSC. As a result, it is challenging to establish an LCC station on offshore

platforms and in populated areas.

• To avoid commutation failures in the LCC valves, the converter has to

be connected to a sufficiently strong network, to assist the valve current

commutations with the appropriate AC voltage. An LCC cannot generate

its own AC voltage, therefore it cannot be connected to passive systems or

initiate the grid from zero voltage (black start).

• To achieve have power reversal in LCC systems, the DC voltage polarity has

to be reversed. This function is restrictive in multi-terminal LCC operation

as the coordination of the converters is challenging. Additionally, to support

DC voltage reversal, oil impregnated cables have to be installed, which

have increased cost and which are considered to pose increased risk to the

environment.

Figure 2.2: Line Commutated Converter.

To allow the LCC operate in weak grids, active voltage injection is necessary

to achieve power factor correction. The capacitor-commutated converter (CCC)

offers a passive approach to address this issue, but it has been shown that voltage

injection lacks controllability and leads to commutation failure following grid

faults [22]. A more sophisticated solution involved the combination of an LCC

with an active filter, where the LCC and filter can be combined in different ways to

offer design trade-offs between active and reactive power capabilities, operational
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cost and sizing of the active filter. The topologies in Figs. 2.3(a) [23] and 2.3(b)

[24] require only low voltage rated FB cells, compared to those in Figs. 2.3(c)

[25] and 2.3(d) [26]. However, the topologies in Figs. 2.3(c) and 2.3(d) increase

the LCC’s active and reactive power capabilities. The topologies in Figs. 2.3(a),

FB FB

(a) LCC with AC side FB chain-link

FB

FB

FB

FB

(b) LCC with DC side FB chain-link

FB

FB

(c) LCC with shunt FB chain-link

FB

FB

FB

FB

(d) LCC in series with FB chain-link

FB FB

(e) LCC with active forced commutated
FB chain-link

Figure 2.3: LCC hybrid topologies.

2.3(b) and 2.3(d) allow control of the DC voltage, whilst the topologies in Figs.
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2.3(b) and 2.3(d) reduce the thyristor voltage requirements. Finally, the topology

in Fig. 2.3(e) achieves active and reactive power capabilities similar to a VSC

while it has better efficiency than a multilevel VSC and can manage DC pole-to-

pole faults [27].

2.2.3 Two and three level voltage source converters

The basic structures of two-level and three-level neutral-point-clamped converters

are illustrated in Fig. 2.4 [28]. The two-level converter was the first realisation of

a VSC to be used in HVDC applications, but it was succeeded by the three-level

converter which offered better harmonic performance. Both converters require

series-connected IGBTs, achieving IGBT valves with blocking capability up to

600 kV [29]. In the two-level converter the upper and lower IGBT valves switch

in a complementary manner with an intermediate dead-band to prevent short-

circuits. The frequency of the switching pattern is dictated by comparison of

high-frequency triangular carrier and sinusoidal reference waves.

The result of this comparison is a high-frequency pulse train, which is fed to

the valves resulting in generation of a square-wave AC voltage. As the current

generated by the converter has a similar shape to the voltage, a series inductor

placed on the AC side acts as a low-pass filter to reject high-frequency components

and enable production of sinusoidal AC currents. Three-level converters, such

as the neutral-point-clamped converter, have similar operation but, instead of

having only two voltage levels, can also produce zero AC voltage, allowing better

harmonic performance and reduced filter requirements.

(a) Two-level converter (b) Neutral-point-clamped converter

Figure 2.4: Non-modular early VSC topologies for HVDC.
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Compared to the LCC, the VSC has desirable characteristics such as suit-

ability for connection to weak networks, reduced footprint, and full active and

reactive power capabilities.

However, early realisations of HVDC VSC introduced the following disadvan-

tages [21].

• Early VSCs required a DC filter capacitor across the DC link, which in-

creased the fault current levels during DC faults.

• Operation of high numbers of series-connected IGBTs demands simultane-

ous switching of the semiconductors. For high-voltage operation there are

hard physical limits regarding the switching frequency and achievable total

blocking voltage.

• The generation of high dv/dt due to the high voltage switching operation

generates electromagnetic interference (EMI) and increases the filter re-

quirements, and also impacts upon the insulation requirements of the AC

interface transformer.

• Series connection of IGBTs introduces large stray inductance. Hence over-

voltages are generated due to high di/dt.

2.2.4 Multilevel voltage source converter

The multilevel VSC addresses the demanding AC and DC filter requirements, and

the high dv/dt and di/dt that are characteristic of two and three level converters

[30]. Multilevel converters generate voltages by switching on an off small portions

of the total DC voltage with the help of sub-circuits that can temporarily store

energy for such a function. This allows generation of high-fidelity, near-sinusoidal

voltages, reducing the harmonic content, transformer insulation requirements,

overvoltages due to di/dt, and EMI. Furthermore, the DC-side filter is reduced

or may even be removed. Multilevel converters do not require series-connected

IGBTs for their operation, opening the market to other manufacturers to produce

such converters.

Cell topologies

The key sub-circuit for HVDC multilevel converters is the cell circuit. An arrange-

ment of series-connected cells creates a cell chain-link which allows creation of

high-fidelity waveforms. There are numerous cell topologies, with each designed
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to achieve specific requirement regarding the functionality, efficiency, redundancy

and complexity [31].

Fig. 2.5 illustrates the cell topologies that are used for multilevel converters.

The cells are categorised as unipolar, and symmetrical or asymmetrical bipolar

cells. Unipolar cells can achieve two to three levels of single polarity voltage

(0, VC , 2VC), whilst bipolar cells can achieve three to five symmetrical double

polarity voltages ( 2VC , -VC , 0, VC , 2VC) or four asymmetrical double polarity

voltages (-VC , 0, VC , 2VC), assuming that all cell capacitor voltages are well

balanced.

Unipolar cells have a reduced number of semiconductors in the conduction

path, hence efficiency is higher when compared to bipolar cells. Nevertheless, the

use of unipolar cells does not allow the converter to operate with DC voltage below

the critical peak line-to-line AC voltage (rectification voltage). Furthermore, due

to their incapability of producing negative voltages, it is not possible for unipo-

lar cells to contribute to limiting or blocking DC faults. By utilising three-level

type cells, such as T-type (Fig. 2.5(b)) [32], flying capacitor (Fig. 2.5(c)) [33],

neutral-point-clamped (Fig. 2.5(d)) [34], and double HB (Fig. 2.5(e)) [35], it is

possible to reduce weight and capital cost by reducing the number of isolated DC

power supplies and gate drivers required by the cells. However, flying-capacitor

cells compromise the reliability and modularity of the converter due to different

operational voltages across each capacitor. Also, T-type and active neutral-point

clamped cells require more complex capacitor voltage balancing algorithms. In

addition they suffer from limited switching state redundancy, which leads to in-

creased voltage ripple. In each case, the three voltage levels can only be produced

by certain switch combinations. However, the double HB cell, shown in Fig.

2.5(e), can achieve lower losses compared to two conventional HB cells, shown

in Fig. 2.5(a) and, unlike the other unipolar cell topologies, does not require a

bypass safety thyristor [35]. Lastly, the unipolar-double-clamped cell, shown in

Fig. 2.5(f) [34], offers fault blocking capability. At first such a function seems

to be attractive, but the increase in losses without the provision of any extra

functionality cannot be justified.

Bipolar cells, shown in Fig. 2.5(g) to 2.5(i), have a higher number of con-

ducting semiconductors hence the conduction losses are higher than for unipolar

cells. However, their ability to produce negative voltages can be exploited and

over-modulation can be achieved, allowing an increased control range of the DC

voltage for any given AC voltage [36]. Inclusion of sufficient bipolar cells in a

converter provides DC fault blocking capability.

Compared to asymmetrical bipolar cells, symmetrical bipolar cells such as
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(a) Unipolar 2-level HB (b) Unipolar 3-level T-type

(c) Unipolar 3-level flying capacitor (d) Unipolar 3-level active
neutral-point clamped

(e) Unipolar 3-level double HB (f) Unipolar 3-level double-clamped

(g) Symmetrical bipolar 3-level FB (h) Asymmetrical bipolar 4-level

(i) Symmetrical bipolar 5-level
cross-connected

Figure 2.5: Cell topologies.
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FB and five-level-cross-connected cells, shown in Figs. 2.5(i) [34] and 2.5(g) [37]

respectively, enable a greater range of DC voltage control as they produce the

same number of positive and negative voltage levels.

Converter topologies

MMCs, as shown in Fig. 2.6, can be realised by using a combination of different

types of cells. This facilitates performance optimisation and leads to a range of

hybrid multilevel converter designs.

Cell 1

Cell N

Cell 1

Cell N

Figure 2.6: Modular multilevel converter.

Most of these hybrid converters were motivated by the design trade-offs be-

tween DC fault ride-through, efficiency and footprint. In the broader context,

MMCs and hybrid converters that employ asymmetrical and symmetrical bipolar

cells, or a mixture of different cells, achieve DC fault blocking and greater con-

trol flexibility at the expense of higher semiconductor losses compared to those

employing only unipolar cells. Other hybrid multilevel converters, such as AAC

and hybrid cascaded two-level converters, use bipolar cells, with director switches

(DS) that operate at extremely low-frequency to achieve DC fault blocking ca-

pability at reduced footprint and semiconductor losses. The MMC consists of

arrangements of two chain-links per phase, operating in complementary mode,

synthesising high-fidelity AC waveforms. The benefits of such a topology include:

• No DC link filter capacitor. Each cell provides distributed and shared en-

ergy storage for each voltage step. Modular design, simplifying construction

and maintenance, and without the need for series-connected semiconduc-

tors.
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• The internal circuit may operate at relatively low switching frequency (<200

Hz) allowing low complexity cells.

• Very low total harmonic distortion (i.e. dv/dt), hence the removal of the

need for AC filters. Standard transformers (i.e. no special insulation re-

quirements) may be used.

• Tailored functionality according to grid requirements by installing different

ratios of unipolar/bipolar cells.

However, an MMC has the following inherent disadvantages. Due to the low-

frequency voltage ripple on the cell capacitors, the cell energy storage requirement

is increased hence the size and the volume of each cell is high. The consequent

increase in weight means that valves cannot be suspended from the roof of the

converter hall, as with two-level converters and LCC. Valves are therefore more

prone to ground faults. Furthermore, the additional functionality offered by in-

clusion of bipolar cells is traded against the increased capital and running costs

due to the increased number of semiconductors.

The AAC [38], illustrated in Fig. 2.7(a), consists of an arrangement of a chain-

links in series with a DS formed by the series-connection of IGBTs. For a given

DC link voltage, an AAC requires a lesser rated arm chain-link voltage compared

to an MMC, leading to a smaller footprint [38]. Furthermore, the discontinuous

arm current in the AAC provides reduced conduction losses even though FB cells

are incorporated.

Similar in operation to the AAC is the hybrid cascaded multilevel converter

[39], shown in Fig. 2.7(b), where the FB chain-link is established on the AC side of

the converter. This converter may therefore provide potential footprint reduction

and reduced semiconductor losses compared to an FB-MMC. Even though the

AAC provides some promising features, it suffers from lower power quality and

limited reactive power capabilities for a specific efficiency when compared to an

MMC. Additionally, the necessary DC filter discharges during DC faults, leading

to higher DC fault currents. The hybrid multilevel converter with half-bridge

chain-links across the DC link [40] is illustrated in Fig. 2.7(c). Each HB chain-

link generates a rectified voltage waveform at the input of each H-Bridge cell.

Initially this concept allowed a reduced footprint for the total converter. However,

in order to have full control of the AC voltage it is necessary to incorporate an

FB chain-link between the HB chain-link and the H-Bridge, resulting in increased

conduction losses. The controlled transition bridge (CTB) [41] illustrated in Fig.

2.7(d), potentially offers a reduced footprint and similar semiconductor losses

compared to an HB-MMC, but it requires a DC filter.
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FB

FB

FB

FB

(a) Alternate arm converter

FB FB

(b) Hybrid cascaded multilevel converter

FBFB

HB

HB

(c) Hybrid multilevel converter with HB
chain-link across DC link

FB FB

(d) Controlled transition bridge converter

Figure 2.7: Hybrid multilevel converters.

Table 2.1 shows various VSC configurations with their associated return paths

[42]. Their main advantages and disadvantages, mainly in terms of cost, fault

path, redundancy, and environmental impact, are highlighted.

2.2.5 DC-DC converters

DC-DC converters may be a key technology for interfacing multi-terminal HVDC

grids and providing additional features such as DC fault blocking. DC grids

may, in future, be expanded or interconnected to include sections that operate at

different voltage levels, and DC-DC converters may be the catalyst that enables

this [43]. DC-DC converters are also expected to have a crucial role in managing

and protecting the DC grid during DC faults, thereby resulting in a reduction in
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Table 2.1: VSC configurations and return paths.

VSC configuration Advantages Disadvantages

(a) symmetric monopole

Transformer is not
exposed to an increased
DC voltage offset during
DC pole-to-ground
faults. No DC
pole-to-ground fault
current. AC grid does
not contribute to DC
pole-to-ground faults

Requirement of fully
rated DC cables, hence
increased cost. Limited
redundancy.

(b) asymmetric monopole
with metallic return Metallic return needs

less insulation. No DC
pole-to-ground fault
current. Can be
upgraded to bipolar.

Transformer is exposed
to DC voltage stresses.
Limited redundancy.

(c) monopole with ground
return

Cost and line losses are
reduced. Can be
upgraded to bipolar

Transformer is exposed
to DC voltage stresses.
Limited redundancy.
AC grid contribute to
DC pole-to-ground
faults. Environmental
concerns due to the use
of grounding electrodes.

(d) symmetric bipolar with
ground return

50% redundancy.

AC grid contributes to
pole-to-ground faults.
Transformer is exposed
to DC voltage stresses.
Environmental concerns
due to the use of
grounding electrodes.

(e) symmetric bipolar with
metallic return 50% redundancy.

Increases transmission
capacity without
changing the DC
voltage rating.

Transformer is exposed
to DC voltage stresses.
It requires an additional
low-voltage DC
conductor. DC return
path must be fully rated
to achieve 50%
redundancy.
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Figure 2.8: Isolated DC-DC converter.

installed DCCBs [44]. In a general an HVDC DC-DC converter is constructed by

connecting DC-AC and AC-DC converters as shown in Fig. 2.8.

The interfacing transformer provides galvanic isolation where each DC grid

zone will operate with a dedicated ground plane. As the interfacing transformers

are not connected to any AC grid, the fundamental AC frequency can be much

higher than 50-60 Hz, hence the volume of the transformer can be reduced. Also

simpler modulation schemes can be used, e.g. trapezoidal modulation. Even

though high-frequency operation reduces the size of the passive components and

equipment, the impact of high-step, high-frequency dv/dt may jeopardise the in-

sulation of the transformers. Furthermore, low-order harmonics may have greater

impact on the power transfer. When designing a DC-DC converter the following

should be considered [44]:

• Use of an interfacing transformer introduces galvanic isolation. This allows

better utilisation of the semiconductor devices, especially on the high DC

voltage side converter.

• An interfacing transformer prevents propagation of DC faults through the

DC-DC converter.

• DC converters should match different DC voltages. Nevertheless, they

should control the DC voltage and the DC power at each end.

• dv/dt should be minimised and controlled to avoid stressing the interfacing

transformer.

• The AC fundamental frequency internal to the DC-DC converter should be

maintained low, e.g. below 1 kHz, to limit switching losses and mechanical

stresses on the interfacing transformer.

• A full positive modulation index is required for each side of the converter

to achieve black-start functionality and re-start following a DC fault.

Many HVDC DC-DC structures are based on existing AC-DC converter topolo-

gies which are connected through a high frequency transformer. For example,

the dual active bridge (DAB) DC-DC converter, shown in Fig. 2.4(a), is cre-

ated by connecting two two-level converters through the interfacing transformer.
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Figure 2.9: Modular DC-DC converter arrangement.

Although the DAB provides a reduced footprint, it is limited by the series-

connection of semiconductors as well as an increased dv/dt. An alternative to

the DAB is the modular topology illustrated in Fig. 2.9, which allows high volt-

age operation to be achieved by series-connection of DC-DC converter modules,

where each module is rated according to a single semiconductor device. The main

disadvantage of this arrangement is the increased number of transformers and the

dedicated high voltage insulation levels for each transformer.

The CTB converter, based on the topology of Fig. 2.7(d), subjects the in-

terfacing transformer to reduced stresses compared to DAB. However, as with

the two-level converter, the DC filter contributes to the DC fault current levels.

The MMC and the transition arm converter (TAC), based on the topologies in

Figs. 2.6 and 2.10 [45] respectively, provide reduced dv/dt by incorporating a

trapezoidal modulation waveform so that the cell capacitor size can be reduced.

Furthermore, the TAC offers reduced semiconductor footprint.

AAC and cascaded two-level converters illustrated in Figs. 2.7(a) and 2.7(b)

HB

HB

Figure 2.10: Quasi two-level DC-DC converter based on trapezoidal AC wave-
form.
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respectively, are not suited for use in HVDC DC-DC converters as the increased

losses they incur are not sufficiently offset by their DC fault blocking capabil-

ity. Moreover, the required DC filter capacitor increases the potential DC fault

current. If galvanic isolation is not required, resonant DC-DC converters, as

shown in Fig. 2.11(a), may be considered [46]. The absence of an interfacing

transformer is an attractive feature due to cost and volume reduction. However,

their reduced DC power quality, increased component sizing and additional pas-

sive filtering requirements are undesirable. Furthermore, during high DC voltage

mismatch between the input and output, high AC circulating currents flow which

increase the reactive energy circulation, and therefore losses. The hybrid cas-

caded DC converter, shown in Fig. 2.11(b), provides an attractive alternative for

transformerless operation [47]. However, due to the incorporation of FB cells,

semiconductor losses are increased while the DC filter increases the DC fault cur-

(a) Resonant DC converter

FB FB

(b) Hybrid cascaded DC converter

HB

HB

HB

HB

HB

HB

HB

HB

(c) DC auto-
transformer

Figure 2.11: Non-isolated DC-DC converter topologies.
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rent levels. The DC autotransformer shown in Fig. 2.11(c) provides an efficient

alternative [48]. To prevent DC fault propagation, FB cells must be incorporated

and this leads to increased losses.

2.3 Power flow controllers

In a meshed multi-terminal DC grid the current flow is driven through the existing

resistance of the conductors. A power flow controller (PFC) is a device that can

dictate the required current flow to avoid overloading of the conductors.

Simple DC power flow control can be achieved by using a controlled variable

resistor, but this has a limited range of control and increases power losses [49].

Another solution is to incorporate back-to-back converters which are powered

through the AC side, as shown in Fig. 2.12. The back-to-back converter PFC

regulates the power flow by adjusting the voltage which is applied to the DC

side conductors. However, AC-DC PFCs require an extra transformer, while the

semiconductors have to be rated for the DC voltage, which increases the power

losses [50].

DC-DC converters can be employed as PFCs. However the increased volume

and number of semiconductors that a DC-DC converter requires does not justify

its explicit operation as a PFC [51].

To avoid excessive component sizing and losses, the current flow controllers

(CFC) can be employed, as shown in Fig. 2.13. The CFC does not require

(a) IGBT based PFC (b) Thyristor based PFC

Figure 2.12: Voltage based power flow controllers.
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(a) CFC variation 1 (b) CFC variation 2 (c) CFC variation 3

(d) CFC variation 4 (e) IDCPFC

Figure 2.13: DC current flow controllers.

a transformer and the voltage requirement is low [52]. As a result a CFC has

a small footprint and low losses. The main CFC structure consists of an FB

topology for each DC conductor path, as shown in Fig. 2.13(a) and 2.13(b).

Figs. 2.13(c) [53], 2.13(d) [54] and 2.13(e) [55] show variations of CFCs with

reduced conduction paths and complexity.

2.4 Protection equipment

Amongst the biggest challenges in HVDC systems are the safe interruption of

DC faults and system recovery back to normal operation following fault clear-

ance. Converters that have the ability to block DC faults are considered as good

candidates for such an operation as they can rapidly produce a counter voltage to

interrupt the DC fault current. However, such operation also immediately inter-

rupts power flow. Therefore, converters with DC fault blocking capability are not

considered to be an ideal candidate for meshed DC networks. However, connect-

ing DCCB at the DC nodes of meshed DC grids allows isolation and clearance of
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DC faults. However, DCCB have a much more difficult task compared to those in

AC systems. DCCBs are required to interrupt a fully developed DC fault current

which does not have a natural zero current crossing point. The resulting high

di/dt can result in destructively high voltage levels. Usually, AC breakers achieve

current interruption the moment that the AC current passes through zero, and

the generation of high voltages is therefore avoided. DCCB require two main

functionalities to operate. The first is creation of a counter voltage to oppose

the rapid di/dt caused by the DC fault. The mechanisms and architectures for

achieving this define three main categories of DCCB: solid-state, resonant, and

hybrid. The second requirement is for the DCCB to withstand the breaking en-

ergy and dissipate it safely without jeopardizing DC grid equipment. As a result,

the main duties of the DCCB are to [56]:

• withstand the normal operating DC currents during steady-state and dy-

namic operation.

• apply and withstand a counter voltage for extinguishing DC fault currents.

• withstand and dissipate the fault energy safely.

• allow relatively quick system restart following fault clearance.

Another significant challenge to the realisation of DCCB is cost. Since DCCBs

are required at each network node, the cost increases as the network is expanded.

Running cost is dependent upon the circuit breaker design. DC fault currents

propagate very quickly, so the time between detection and interruption must be

very short in order to protect the rest of the DC grid equipment (converters).

However, this requirement is again grid-dependent, since expanding the grid by

including more lines and interconnections increases the total energy stored in

the equivalent line capacitance, resulting in increased DC fault current levels.

Furthermore, each converter topology may employ DC filters (capacitance) fur-

ther increasing fault current levels. Even with state-of-the-art DCCB technology,

which may achieve interruption speeds of 3 ms, this may not be sufficiently fast as

the grid is further expanded. A DCCB must therefore meet the major challenges

of fast DC fault interruption, irrespective of the amount of energy stored in the

DC grid, and have low capital, running, maintenance and upgrade costs. Unlike

a conventional converter, a DCCB only performs a single function, which is to

block DC pole-to-pole faults. The high costs incurred in achieving this limited

functionality make the feasibility of DCCB questionable.
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2.5 DC breaker topologies

A DCCB may be realised using different topologies including solid-state based,

resonant, and hybrid.

2.5.1 Solid-state DC breakers

The solid-state DCCB, illustrated in Fig. 2.14, consists of semiconductors to

interrupt the DC fault current, and metal-oxide varistors (MOVs) to absorb the

breaking energy. The solid-state DCCB does not have any mechanical or moving

parts, resulting in high-speed fault interruption. The most common design for a

solid-state DCCB is a string of series connected bidirectional switches (realised

using IGBTs) rated at the pole-to-pole DC voltage, with parallel-connected surge

arresters to absorb and dissipate the breaking energy. During the steady state,

current flows through the antiparallel diodes according to the current direction.

When the breaker is tripped, all switches are turned-off and the voltage across the

string of switches rises. When this breaking voltage reaches the DC link voltage,

current is driven into the MOVs. The main advantage of the solid-state breaker

is its reaction speed due to the use of semiconductors. However, the voltage drop

across the series connected switches during steady-state operation is high due

to the large number devices required. This results in high losses. Each solid-

state DCCB incurs approximately the same losses as an HVDC converter [57].

Deployment in a meshed grid, therefore, would significantly increase operating

costs.

Figure 2.14: Solid-state DCCB.

2.5.2 Resonant DC breakers

Resonant DC breakers extinguish the DC fault firstly by forcing the DC current

to oscillate (resonate) around zero, imitating AC current, and then interrupting

the current as it crosses through zero. In its most basic form, a resonant DC

breaker consists of an AC circuit breaker in parallel with a resonant LC circuit.

A parallel-connected MOV is also included to absorb the breaking energy. The
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main steady-state current path switch can be formed using thyristors or IGBTs

to support only low-voltage during normal operation. As a result, the total

operating losses are not significant. However, since operation is dependent upon

the development of the oscillations and on mechanical interruption, the total

breaking timing exceeds that of a solid-state breaker.

Resonant breakers may be active or passive. The passive resonant breaker,

shown in Fig. 2.15(a), relies upon the build-up of the oscillatory current accord-

ing to the characteristics of the arc and the LC network. However, this method

considered to be too slow for VSC-HVDC grids [58]. The active resonant breaker

relies on an active development of the oscillatory current through a charge ca-

pacitor, an external AC source or active voltage pulses, as shown in Fig. 2.15(b)

[59, 60]. The time taken for the oscillatory current to develop is less than for the

passive resonant breaker [61], but the capital cost of the active resonant breaker

has increased due to the extra equipment that is needed to create the active

oscillations. Resonant breakers have much lower construction cost compared to

solid-state breakers as current interruption is achieved with a mechanical AC

breaker. Also, in active resonant breakers, the power semiconductors that are

required for the active pulses can be rated in the range of a few kV, hence the

total footprint of such a breaker can be small.

(a) Passive resonance DCCB (b) Active resonance DCCB

Figure 2.15: Resonant DCCB.

2.5.3 Hybrid DC breakers

Hybrid DCCB combine the use of fast switches, as found in resonant DCCBs,

with the breaking capability of solid-state DCCBs. The fast switch is connected

in parallel with the breaking semiconductor branch. MOVs are connected in

parallel to absorb the breaking energy. Hybrid breakers achieve the steady-state

efficiency of resonant converters and the breaking capability of solid-state break-

ers. However, the hybrid DCCB is not as fast as it is solid-state [62]. The breaker

28



semiconductor branch must be sized according to the DC link voltage. This is

achieved by series-connection of semiconductor switches. Changes to the semi-

conductor arrangement results in hybrid breaker variants. The most common

arrangement consists of single bidirectional switch (realised by using IGBT) for

the fast and the breaking branches, shown in Fig. 2.16(a) [63]. Other arrange-

ments including, for example, thyristors, are shown in Fig. 2.16(b) [64], or FB

cells as shown in Fig. 2.16(c) [65]. The hybrid breaker can achieve breaking times

of 4-5 ms, which is promising for VSC-HVDC based grids. However, due to the

large number of semiconductors required the initial capital cost of the breaker is

high.

(a) IGBT based hybrid DCCB (b) Thyristor based hybrid DCCB

(c) FB based hybrid DCCB

Figure 2.16: Hybrid DCCB.

2.5.4 DC fault current limitation

Following expansion of the DC grid, the fault current level is increased requiring

reduced circuit breaker operating times. The capability of a given DCCB tech-

nology may have a hard limit with regards to communication, protection and

breaking speeds. One solution is to limit the rise time of the DC fault current

to increase the time available for a DCCB to react. Furthermore, as previously

mentioned, breaking speeds and cost are directly linked. As a result, by allowing
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slower DC fault current interruption the running and capital cost may decrease.

One approach to current limiting is installation of DC current reactors, which

delay the development of DC fault current. However, only relatively high values

of DC reactor can delay the fault current sufficiently, and they are effective only

during the first stages of the fault [66]. Moreover, DC reactors with very large

inductance may be problematic due to the interactions with the outer controllers

of the converters in the DC grid. Superconductors can be employed to imitate the

operation of variable resistance during a fault. During the development of the

DC fault current, the temperature of the superconductive connector increases,

resulting in higher resistance and partial limitation of the current [67]. Although

this approach is promising, it is dependent upon the reliability and efficiency of

the associated cooling system.

2.5.5 DC chopper

A controlled dynamic braking resistance (DC chopper), as shown in Fig. 2.17, is

needed in DC grids in case of abnormal energy influx [68]. In the case of a DC

grid connected to a WF, which may not incorporate any active power control,

unregulated energy transfer may result in overvoltage and potential insulation

failure. The DC chopper absorbs the energy excess in the DC grid, avoiding any

harmful overvoltage. There are various designs of DC chopper, including HB or

FB topologies with combinations of batteries or super-capacitors for enhancing

the transient operation of the grid.

DC chopper sizing must cater for the worst case scenario, which is the ab-

sorption of the maximum energy supplied by the Wind Farm. Furthermore, DC

choppers can be employed for fault ride through of pole-to-ground faults. Due to

the voltage collapse of one pole relative to ground, a pole-to-ground fault jeopar-

dises the insulation of the DC lines and the converter transformer. By enabling

the DC chopper connected to the healthy pole, the voltage seen at the healthy

pole is controlled to be half of the pole-to-pole voltage, i.e. it is maintained at

Figure 2.17: Equivalent circuit of DC chopper.
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its normal operating value. This protects the cable insulation and also prevents

any destructive DC offset from appearing at the AC side of the converter, i.e.

applied to the transformer. Although DC choppers are considered back-up pro-

tection equipment, they increase the capital cost of the DC grid. Moreover, they

demand increased space and volume which is problematic in remote areas, such

as offshore platforms, where space is at a premium.

2.6 Transmission lines

For HVDC transmission, both cables and overhead lines can be used. The cost

of cables is higher than overhead lines but in VSC applications, the latter may

still be preferable due to the following characteristics [21]:

• The environmental impact of cables often is less than that of overhead lines.

• VSC can reverse power flow without the need of DC voltage reversal. This

allows single polarity cables which have reduced cost and are simpler to

construct, e.g. XLPE DC cables.

• Cables are less prone to faults than overhead lines.

• Permanent faults are easier to repair on overhead lines.

• In the case of cables, the power outage may be prolonged as the repair time

might be significant.

Most existing VSC HVDC links incorporate cables with only one project (UL-

TRANET) planned to have overhead line.

2.6.1 Cables materials

The choice between cables is often influenced by environmental constrains as well

as considerations regarding total capital cost and system reliability. Cables may

be defined as either underground or submarine, the main differences being the

conductor material and armour layer. Copper conductors have high electrical

conductivity, favourable mechanical properties, and are easy to connect together.

However, they are heavy and expensive, and are therefore used mainly in subma-

rine applications which require good mechanical properties. Aluminium cables

have lower conductivity, less favourable mechanical properties, and are more diffi-

cult to join. However, aluminium conductors are lighter and cheaper than copper
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and may therefore be used in underground installations. The armour layer is nor-

mally only found in submarine cables which are subject to large axial mechanical

tension during installation and operation.

2.6.2 Cables types

The most common cable types are [69]:

• Mass-impregnated (MI) insulation cables

• Low-pressure oil-filled (LPOF) cables

• Extruded cross-link polyethylene (XLPE) cables.

MI single core cables are made by winding Kraft paper around the conductor. A

viscous oil impregnates the paper, increasing the insulation’s electrical strength.

More recently, a polypropylene laminated paper has been used, allowing the cable

to operate at higher temperatures and therefore higher current ratings. MI cables

can be installed at sea depths of 1000m with virtually unlimited length. Most

submarines cables are of the MI type. Furthermore MI cables can tolerate fast

DC voltage reversal making them compatible with any type of HVDC converter,

including FB and LCC.

LPOF cables are insulated with paper impregnated, under pressure of a few

bars, with low viscosity oil. For underground installations, this cable may be

used at voltages up to 500 kV and 1000 MW. It is suitable for both AC and DC

applications. The need for oil flow along the cable limits its use to distances of

approximately 80km. The oil constitutes a potential environmental risk.

XLPE cables can operate at higher temperature, and use an overlapped thin

dry polyethylene film insulator extruded over the cable core. XPLE cables are

suited to long and deep submarine installation, which is associated with increased

electrical operational stresses. A bonded metal-polyethylene lamination can en-

hance the cable’s physical integrity. Although XPLE’s insulation does not allow

DC voltage polarity reversal, the lower cost, simpler construction and low envi-

ronmental risk are suited for VSC HVDC applications were single polarity voltage

is required for power transfer. Environmental impact

Underground DC cables generate low frequency magnetic fields of approxi-

mately 50 µT, which is much lower than the 400 mT which is the accepted limit

for human risk. Additionally, HVDC cables are installed in pairs with small dis-

tance between them. By carrying the same current in opposite directions, the

magnetic fields that are creating along the cable cancel each other out. As a result,

the magnetic field may drop to zero a short distance from the cables [69]. Heat
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dissipated by the cable is dependent upon cable loading. The impact of heating

is low with cable temperatures typically being 1oC above surface temperature at

a depth of 1 m [21].

2.7 Summary

In this chapter a thorough open-literature review of HVDC equipment is pre-

sented. The review includes energy conversion equipment, such as voltage and

current source converter architectures for AC to DC and DC to DC conversion.

Furthermore, a summary of potential converter arrangements is presented, as

well as the cable designs that exist. Additionally, the review includes potential

future equipment, such as DCCB, DC energy absorbers and fault limiters, for the

protection of multi-terminal DC grids.

The review of state-of-the-art and future HVDC equipment provides insight

to and understanding of future HVDC grids, regarding the requirements and the

feasibility of each device. It has been shown that bulk energy transfer can be

achieved using current source technologies (LCC). However this approach poses

significant challenges in terms of grid interface, e.g. power factor correction and

connection with weak grids. Whilst some of these issues may be solved using,

for example active filter techniques, the LCC is not suitable for multi-terminal

applications and this remains a major barrier to its use.

VSCs allow the interface of multiple converters, and synthesis of multi-terminal

DC grids, enabling optimisation of energy transfer. According to the requirement

of each terminal, variants of the VSC offer design trade-offs between efficiency,

footprint and fault management. Two potential pieces of key equipment, DC to

DC converters and DCCBs, are reviewed. In the context of HVDC, the feasi-

bility of such equipment is still under discussion. However, development of such

equipment may, in future, justify the potential high capital and operating costs.

Finally, a review of cable technologies is presented, describing different construc-

tions and attributes, and suggesting the most appropriate choices for HVDC

applications.

This chapter lays the foundation for the new converter topologies proposed in

Chapters 7. In particular this Chapter identifies all of the key issues that must be

addressed when designing new converter topologies. Desirable converter features

are identified, and the ease with which proposed new converter topologies may

be interfaced with existing HVDC technology is considered.
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Chapter 3

Modelling of HVDC multilevel

converters

3.1 Introduction

Typical modern multilevel HVDC converters have complex power circuit struc-

tures with internal dynamics (inter-cell, inter-arm and inter-phase dynamics),

that require a number of well-designed dedicated controllers to ensure converter

stability over the entire operating range. Analytical performance evaluation of

such converters is time-consuming and could be ineffective. For example, it is

cumbersome to account for the effect of complex Capacitor Balancing Algorithms

(CBAs) in average models. This is due to the fact that CBAs affect the average

switching frequency per switching device (switching loss), arm energy balance

and inter-arm dynamics, and hence, average models are unable to reproduce such

effects. This Chapter presents a concise description of the operating principles

and modelling of each converter topology, including the formulae which govern

operation, and accurately reflects the internal and external dynamics, thermal

behaviour and semiconductor losses.

3.2 Converter analysis

This section reviews the theoretical background which underpins the operating

principles, control, and modelling of the MMC and AAC. Fig. 3.1 shows one

phase leg each for generic MMC and AAC circuits with N cells per arm, where

subscript j defines the phase index (i.e. j = a, b, c) and k defines the upper and

lower position of the arm (i.e. k = u for the upper arm and k = l for the lower

arm).
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Figure 3.1: Multilevel HVDC converter topologies.

3.2.1 Modular multilevel converter

From Fig. 3.1(a) the cell capacitor current of each individual cell can be described

in terms of arm current ij,k and the switching function scellN,j,k {1, 0,−1}. The

modulation waveform which drives the converter chain-link is described as:

mj,k(t) = M · cos(ωt+ δ) +mDC−j,k (3.1)

where M and mDC−j,k are the index and the DC component of the modulation

waveform respectively. Equation (3.1) can also be described by the summation

of the switching states as:

mj,k(t) =
N∑
i=1

(scellN,j,k) (3.2)

Fig. 3.2 illustrates the modulation index capabilities of HB, MC with 50% HB

and 50% FB cells, and FB-MMC and the voltage range that each topology can

achieve for reduced DC voltage operation.

The cell current icellN,j,k is a function of the current that flows through the

arm according to the cell switching operation.

icellN,j,k = scellN,j,k · ij,k (3.3)

35



Figure 3.2: Chain-link modulation signals for HB, MC and FB-MMC.

Each arm voltage varmj,k as described in (3.5), is formed by the summation of

individual cell voltages, vcellN,j,k shown in (3.4).

vcellN,j,k =
1

Ccell
·
∫ ∆t

0

icellN,j,k(τ)dτ (3.4)

where ∆t is the time step of the discrete integration. The arm voltage varmj,k is

the sum of the operating cell voltages:

varmj,k =
N∑
i=1

(scellN,j,k · vcellN,j,k) (3.5)

The arm voltage varmj,k can also be described as:

varmj,k = mj, k · Vctot (3.6)

where Vctot is the summation of total arm capacitor voltages.

The instantaneous common-mode voltage vj,cm the MMC phase legs present

at its DC terminal can be expressed in terms of the instantaneous upper and

lower arm voltages as:

vj,cm = varmj,u + varmj,l = VDC + ∆Vj (3.7)

where ∆Vj represents the DC voltage drops across the internal resistances of the

arm reactors and the switching devices of the upper and lower arms. By assuming

ideal arm voltage operation (3.5), VDC can be described as (3.5), which reflects

the voltage across the DC link and can be expressed just by the instantaneous
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upper and lower arm voltages of the same phase leg.

VDC = varmj,u + varmj,l (3.8)

Considering Fig. 3.1(a), the following voltage equations can be defined:

VDC
2

= vj,l +
Larm

2
· dij,l
dt

+ LAC ·
dij,AC
dt
− ej (3.9)

VDC
2

= vj,u +
Larm

2
· dij,u
dt
− LAC ·

dij,AC
dt

+ ej (3.10)

where Larm and LAC are the arm and AC-side inductances respectively (as shown

in Fig. 3.1(a)) and LAC−j is the AC-side grid phase voltage. By subtracting (3.9)

from (3.10) the converter operation of the AC voltage VACj can be described:

VACj =
varmj,l − varmj,u

2
− LAC ·

dij
dt

(3.11)

The upper and lower arm currents in each phase can be expressed by (3.12) and

(3.13) respectively

ij,u =
ij,AC

2
+ ij,cm (3.12)

ij,l = −ij,AC
2

+ ij,cm (3.13)

where ij,AC and ij,cm are the AC output phase and common-mode currents respec-

tively. Common-mode currents ij,cm are described in (3.14) while DC current iDC
is composed by summing the DC components of each phase, as shown in (3.15).

ij,cm =
ij,u + ij,l

2
= ij,DC + ij,cc (3.14)

ij,DC = ia,DC + ib,DC + ic,DC (3.15)

where ij,DC is the DC component of the common-mode current. Circulating

current ij,cc flows through the upper and lower arms and occurs due to the unbal-

anced voltages between the upper and lower arms in each phase resulting from

the equivalent total capacitor voltage ripple. However, the circulating current

does not contribute to the AC output current.

The differential voltage vj,diff between the upper and lower arms is defined in

(3.16) and can be considered as the electromotive force (EMF) generated in each

phase.

vj,diff =
VDC

2
− vj,u = −VDC

2
− vj,l =

vj,u − vj,l
2

(3.16)
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3.2.2 Alternate arm converter

As illustrated in Fig. 3.1(b), each AAC arm consists of series-connected FB cells

and a DS. Cell capacitor current and voltage can be described as in (3.3) and

(3.4), and therefore voltage vchainj,u is considered to be identical to the arm voltage

as described by (3.5). Fig. 3.3 shows the ability of the AAC to operate in the

over-modulation region, to achieve energy equilibrium on the AC and DC sides.

Effectively, Fig. 3.3(a) shows the modulation signal for each arm chain-link. The

chain-link is rated for operation up to 4
π

of the DC voltage, which is sufficient to

synthesise half of the peak AC voltage. This is achieved through over-modulation

which is requires operation in the negative DC voltage region, as shown in Figs.

3.3(a) and 3.3(b).

(a) Converter modulation signal

(b) Chain-link modulation signal

Figure 3.3: AAC modulation signals.

The AAC may be considered as a combination of an MMC and a two-level

converter, and its operation can be described by the following three distinctive

stages [38]:

• Stage I: Single arm conduction
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• Stage II: Overlap

• Stage III: Off-state

During Stage I, the arm voltage is equal to vchainj,k and the arm current is equal

to ij,ACAAC . In Stage II, the AAC operates as an MMC where both the upper

and lower arms conduct simultaneously for a very short period of time, in order

to re-balance the voltages across the upper and lower chain-links. In Stage III,

the DS in the outgoing arm is turned off to stop the current flow, and enable the

outgoing arm to block the full DC voltage. The time frames in (3.17) summarise

AAC operation during Stages I, II and III.
tj,u1 = −T

2
+ tover

2
+ T · sDSj,u

tj,u2 = T
2
− tover

2
+

T ·sDSj,u
2

tj,l1 = −T
2

+ tover
2

+ T · (1− sDSj,l)
tj,l2 = T

2
− tover

2
+

T ·(1−sDSj,l )
2

(3.17)

where T is the fundamental period, tover is the overlap time and sDS is the

switching function of DS. Considering (3.17), the output DC voltage can be ex-

pressed in terms of the average voltage of the upper and lower arms, as in shown

in (3.18).

VDC =
1

T
·
∫ tj,u2

tj,u1

vchainj,u(τ) + vDSj,l(τ)dτ

+
1

T
·
∫ tj,l2

tj,l1

vchainj,l(τ) + vDSj,u(τ)dτ

(3.18)

It is evident from (3.19) that the AC current in mainly composed by the con-

ducting arm current ij,kAAC . AC current flows during Stages I and II.

ij,ACAAC =
1

T
·
∫ tj ,u2

tj,u1

ij,uAAC (τ)dτ · sDSj,u+

+
1

T
·
∫ tj,l2

tj,l1

ij,lAAC (τ)dτ · (1− sDSj,l)

= ij,uAAC + ij,lAAC

(3.19)

The instantaneous VDC
2

can be expressed by (3.20) and (3.21) for the upper and

lower arms respectively.

VDC
2

= vchainj,u + vDSj,l + Larm ·
dij,uAAC
dt

− LAC ·
dij,ACAAC

dt
(3.20)
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VDC
2

= vchainj,l + vDSj,u − Larm ·
dij,lAAC
dt

+ LAC ·
dij,ACAAC

dt
(3.21)

In an AAC the DC currents iDCu and iDCl are composed according to (3.22). Due

to the fact that AAC arm current flow is similar to that in a two-level converter,

inherently DC currents contain a 6th harmonic ripple component. iDCu = ia,uAAC + ib,uAAC + ic,uAAC

iDCl = ia,lAAC + ib,lAAC + ic,lAAC
(3.22)

3.3 Controllers

In this section the generic control structure for all MMC and AAC being devel-

oped is described, similar to the CIGRE DC test system [70]. The controller,

which consists of master, upper and lower level controls, is shown if Fig. 3.4, and

the detailed controlled structure is highlighted as shown. Within the Upper level

controller structure the outer and inner controllers are common to all topologies,

as is the Lower level controller structure. The valve balance controller is specific

to each converter topology. The master controller is defined by the system oper-

ator and will provide the desired references to the upper level control in order to

operate the HVDC network.

• Master controller

• Upper level

– Outer controller

– Inner controller

– Valve balance controller

• Lower level

– CBA

– Modulation techniques

The detailed structure and the tuned parameters of the controllers that were used

in the thesis are described in Appendix A.
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Figure 3.4: Overall controller structure.

3.4 Converter modelling

This section describes the methods of modelling converters for large scale sim-

ulations, and which can reflect the dynamics and operation of each converter

topology. The semiconductor losses are incorporated to reflect the exact opera-

tion of the converter.

3.4.1 Semiconductor loss calculation

Since semiconductor losses represent the major portion of the total converter

station losses, all other losses such as those incurred in transformer windings,

passive components, etc., have been excluded. The IGBT losses consist of con-

duction losses during the ON state, and switching losses during the transition

between ON and OFF states and vice versa. Tables 3.1 and 3.2 show the switch-

ing transitions and conduction paths corresponding to the FB and HB cells shown

in Fig. 3.5.

S1

S2

D1

D2

Ccellij,k

(a) HB cell

S1

S2

S3

S4

D1

D2

D3

D4

Ccellij,k

(b) FB cell

Figure 3.5: Basic cell topologies. The arrow shows the direction of positive
current.
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Typically, a piecewise representation of switching energy during turn-on and

turn-off events is used to calculate IGBT switching losses, while the IGBT voltage

drop is used to estimate conduction losses. The piecewise information is extracted

from semiconductor manufacturer datasheets, and are implemented in equation

(3.23). The losses are calculated based on an initial junction temperature that

is similar to ambient Tamb. The voltage drop Vce during IGBT conduction can

be defined as a function of arm current and operating temperature, as shown in

(3.23). 
Vcedata = Vce

(
|iarm|
np

, TS

)
data

Vfdata = Vf

(
|iarm|
np

, TD

)
data

(3.23)

The temperature terms shown in (3.23) are calculated using a steady-state ther-

mal model that considers the thermal resistance for each part of an IGBT, as

Table 3.1: HB cell operation, conduction and switching pattern.

Current Cell state Transition Conduction

Positive
0 to VC D1ON , S2OFF D1

VC to 0 D1OFF , S2ON S2

Negative
0 to VC D2OFF , S1ON S1

VC to 0 S1OFF , D2ON D2

Table 3.2: FB cell operation, conduction and switching pattern.

Current Cell state Transition Conduction

Positive

0 to VC D1ON , S2OFF D1, D4

VC to 0 D1OFF , S2ON S2, D4

0 to -VC D4OFF , S3ON S2, S3

-VC to 0 S3OFF , D4ON S2, D4

Negative

0 to Vc D2OFF , S1ON S1, S4

VC to 0 S1OFF , D2ON D2, S4

0 to -VC D3ON , S4OFF D2, D3

-VC to 0 D3OFF , S4ON D2, S4
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shown in (3.24) TS = PcondS · (RjS +RcS +Rhs) + Tamb

TD = PcondD · (RjD +RcD +Rhs) + Tamb
(3.24)

where RjS, RcS, Rhs are the junction-to-case, case-to-heatsink and heatsink-to-

ambient-thermal resistances respectively. The combined voltage drop of a cell is

calculated from (3.25).

Vlosscell = Vcedata + Vfdata (3.25)

IGBT and diode conduction losses are calculated according to (3.26)PcondS = 1
T

∫ t
t−T Vcedata ·

|iarm|
np
·Kuti · ns · np dτ

PcondD = 1
T

∫ t
t−T Vfdata ·

|iarm|
np
·Kuti · ns · np dτ

(3.26)

where ns and np are the numbers of series and parallel-connected IGBTs is de-

scribed by (3.27) and (3.28) respectively

ns = ceil

(
Vchain

Vigbt ·Ncell

)
(3.27)

np = ceil

(
ij,k
Iigbt

)
(3.28)

and Kuti is the utilisation constant described by (3.29)

Kuti =
Vchain

Vigbt · ns ·N
(3.29)

where Vchain is the total voltage across the chain-link in a given arm, and Iigbt
and Vigbt are the continuous rated current and blocking voltage of a single IGBT

respectively.

The energy dissipated during the switching process can be defined as a func-

tion of the instantaneous arm current and the switching energy of the IGBT,

as shown in (3.30). Thereafter, the switching losses are calculated according to

(3.31)

Esw =

( |iarm|
np

)
·
(
ESon + ESoff + EDoff

)
data

(3.30)

PswS =
1

T

t∑
t−T

Esw ·Kuti ·KT · ns · np (3.31)
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where KT , defined in (3.32), is a thermal correction factor and is utilised to

normalise the temperature according to the IGBT thermal model.

KT =
TS, TD
Tmaxdata

(3.32)

3.4.2 Valve modelling

Studying electromagnetic transient phenomena requires high-fidelity, accurate

converter models in order to clearly represent phenomena which may affect the

system. The computational burden can be extremely large as thousands of com-

ponents (e.g. IGBT, snubber circuits, etc.) affect the operation of the converter.

There is no single solution in the construction of efficient and accurate models

as the level of detail required is dictated by the needs of each study [71]. How-

ever, in order to reduce the computational time and effort, simplified models

are developed with reduced number of nodes, according to the required depth of

analysis.

Detailed switching model

A detailed switching model (DSM) typically includes very detailed simulation of

the semiconductor switching profiles and conduction voltage drops, based on a

detailed semiconductor model that includes key physical (Ph) phenomena with

durations of a few ns to µs. Although this type of implementation is very accurate,

the number of nodes and the computational effort required to simulate an event

that lasts a few seconds is prohibitive. An alternative to the Ph model is the

non-linear model (NL). In this case the characteristics of the IGBT are emulated

through a V/I look-up table. Additionally, the on and off switching procedures

are considered to be instantaneous. The trade-off between the complexity and

fidelity exists. Fig. 3.6 shows the circuits representing the Ph and NL model in

the simulation platform. Additionally, a DSM allows a detailed representation

of the cell, where the ESR of the capacitor and leakage inductance of the circuit

are also included. Even though each cell consists of only three to four nodes, the

computational burden for simulations with high numbers of cells per arm is high.

Such a model is used when the converter internal operation at IGBT level needs

to be observed during transient operation. However, if the simulation time step is

increased the fidelity of the simulation drops and the high-frequency phenomena

(1µs and below) cannot be reflected thus diminishing the need of this type of

model.
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Figure 3.6: Implementation of IGBT for detailed switching models, Ph and NL.

Function switching model

Full-scale representation of AAC and MMC with large numbers of cells per arm

using detailed switched models are characterised by large numbers of electrical

nodes, which increases the size of the admittance matrix; thus computation bur-

den on the processor is increased [72]. A simplified cell model can be used where

it is not necessary to observe internal IGBT. Each cell operates in a simplified

on/off manner and reflects accurate arm voltage operation by including the ca-

pacitor cell voltages imbalances. Such a model has a very low number of nodes,

regardless the number of cells, therefore it is highly efficient for large HVDC

networks where observation of cell-level transient phenomena is required.

There are two main variations of the specific model. The first is the cell

Thevenin equivalent model, and the second is the cell switching function [73].

iarm
scell−nj,k C−1

cell

iblock sblock

∫
vlosscell

vcelloper.

vcellblock

Figure 3.7: Cell voltage block diagram of FS model.
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iblock
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vcedata

iarm

sDS

(c) DS

Figure 3.8: Equivalent representations of arm components.

The latter is considered to be easier for implementation and more efficient for

offline and real-time simulations. Fig. 3.7 shows the switching function (FS)

representation of the cells in terms of arm current and firing order, as described

in (3.3) and (3.4). As the discrete integration of (3.4) determines the fidelity of

the results, a small time step of 5µs is necessary in order to achieve high accuracy.

An enhanced version of the switching model is used, by representing the

switching losses through calculated voltage drop vlosscell as described in (3.25).

Fig. 3.8 illustrates the HB and FB cell chain-links, as described in (3.5), and

the DS. The controlled voltage source added into the DS model in Fig. 3.8(c)

accounts for its switching and conduction losses, which are critical for accurate

estimation of semiconductor losses in AAC. For example, series connection of the

chain-links Fig. 3.8(a) and 3.8(b) represents the arm of an MC-MMC, whilst

series connection of the chain-links in Fig. 3.8(b) and the DS in Fig. 3.8(c)

represents an AAC.

The complete block diagram for loss calculation, integrating thermal models,

switching patterns and manufacturer data sheets, is depicted in Fig. 3.9.

Table I, II
∫

Vcedata, Vfdata

(ESon
, ESoff

, EDon
)data

∑

scell

|iarm|
np

iarm

Pcondcell

Pswcell

ns, np

KT

ϑS, ϑD

Table I, II

Figure 3.9: Block diagram of loss calculation scheme.
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Average model

For simulations where only the internal energies of the converter need to be ob-

served an average model is utilised. Each arm is represented as a controlled

voltage source, where the cell capacitors are combined to one lumped total ca-

pacitance assuming the average arm voltage and perfectly balance cell voltages.

However, one major disadvantage of this model is the very narrow bandwidth

of operation which assumes very high resolution times. Average models are em-

ployed for arm-level phenomena and validation of control concepts. Computation

efficiency is increased as the total number of converter nodes is reduced.

3.4.3 Model verification

This section presents verification of the off-line models based on the MMC and

AAC topologies, using the EMTP-RV simulation platform. Model verification

is conducted in two stages: the first is at semiconductor level and the second is

at converter level. Fig. 3.10 shows the on and off switching operation of one

IGBT with an inductive load for Ph and NL models. The different current and

voltage gradients are mainly due to the fidelity of the piecewise V/I curve of the

NL model. From Figs. 3.10(a) and 3.10(b) both models achieve the same steady-

(a) ON/OFF voltage (b) ON/OFF current

(c) Focused ON/OFF voltage (d) Focused ON/OFF current

Figure 3.10: Comparison of Ph and NL variants of DSM model of an IGBT on
inductive load for simulation time step ∆t = 0.1 ns.
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(a) ON/OFF voltage (b) ON/OFF current

(c) Focused ON/OFF voltage (d) Focused ON/OFF current

Figure 3.11: Comparison of DSM variants and FS model of an HB cell on resistive
load for simulation time steps ∆t = 0.1 ns and ∆t = 1000 ns.

state current and voltage; however, the NL model responds with a small delay

of approximately 500 ns when compared to the Ph model. Even for high-fidelity

simulations, the delay does not affect the actual operation of the converter as the

inclusion of phenomena such dead-time, which can last 2-3 µs, renders this type

of error negligible. Nevertheless, Figs. 3.10(c) and 3.10(d) shows good agreement,

including overshoot and oscillations between the two models during turn-on and

turn-off.

Fig. 3.11 illustrates the turn on and off processes of an HB cell for DSM and

FS models. The Ph and NL variants of the DSM model shows good agreement

for a variety of time-steps. However the accuracy of the FS model is highly

dependent on the time-step, hence the mismatch when compared to the DSM

model as shown in Figs. 3.11(c) and 3.11(d). Additionally, due to accuracy of the

piecewise thermal model an observable error is produced compared to the DSM

model. The difference, however is still only a few mV over the 1 kV operating

range.

When simulating at cell and single device level, the DSM and FS approaches

have been shown to yield similar results. Although the FS approach is less accu-

rate than either of the DSM variants, performance is still acceptable particularly

in view of the reduced computational burden of the FS modelling technique. The
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following simulations now compare the NL-DSM and FS approaches to mod-

elling at converter level. In Figs. 3.10 and 3.11, the NL-DSM and Ph-DSM

approaches are shown to yield very similar results. For the purposes of the fol-

lowing simulations, therefore, the NL approach is selected as being indicative of

DSM performance.

The following simulation studies will focus on modelling MMC and AAC con-

verters during open-loop operation. The controllers, described in Section 3.3 are

not included so as to remove any uncertainty that any variations between the

modelled results are due to the power circuit or the controller. Additionally,

converter model validation is conducted using by using fixed modulation index

on a fixed load. Figs. 3.12 and 3.13 compare the NL-DSM and FS modelling

approaches to an open-loop MMC. The figures show that for each modelling

approach all voltages and all currents are in good agreement.

Figs. 3.14 and 3.15 show the same comparison for an open-loop AAC. Again,

the figures show that for each modelling approach all voltages and all currents

in good agreement. For both MMC and AAC the simulations are for converters

with low number of cells (N = 20).

Consequently, in a real application where the number of cells will be signifi-

(a) Phase a, upper arm total capacitor
voltages

(b) DC voltages

(c) Phase a, upper arm voltage (d) Phase a AC voltage

Figure 3.12: Voltage comparison of NL-DSM and FS modelling approaches to an
open-loop MMC.
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(a) common-mode current (b) DC current

(c) Phase a, upper arm current (d) Phase AC current

Figure 3.13: Current comparison of NL-DSM and FS modelling approaches to an
open-loop MMC.

(a) Phase a, upper arm total capacitor
voltages

(b) DC voltages

(c) Phase a, upper arm voltage (d) Phase a AC voltage

Figure 3.14: Voltage comparison of NL-DSM and FS modelling approaches to an
open-loop AAC.
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(a) Common-mode current (b) DC current

(c) Phase a, upper arm current (d) Phase AC current

Figure 3.15: Current comparison of NL-DSM and FS modelling approaches to an
open-loop AAC.

cantly greater, any differences between the models highlighted by the simulation

results of Fig. 3.13 to 3.15 will be significantly reduced. As a result of this exten-

sive comparison of simulation methods at both device and converter levels, it is

concluded that the FS approach offers the best compromise in terms of accuracy

and computational burden. The FS approach will therefore be adopted as the

preferred modelling method in the remainder of this study.

3.5 Summary

This chapter presents a detailed mathematical analysis of MMC and AAC which

provides a basis for understanding converter operation in detail and subsequent

development of control strategies. A typical control structure is defined and the

various levels of essential control are developed and explained in detail. These

controllers are incorporated in studies detailed in later chapters. Different ap-

proaches to converter modelling are examined in detail. DSM and FS approaches

to modelling MMC and AAC operating in open-loop mode are developed. The

FS approach is further developed by including the semiconductor loss, according

to the thermal impedances. The losses are computed simultaneously with the

electrical circuit and they are part of the simulation solution. Comparison of
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these modelling approaches shows that the FS model provides the best compro-

mise between computational burden and accuracy. This approach is therefore

used in the remainder of this thesis. This chapter therefore provides a solid basis

upon which the remaining chapters, which examine steady-state converter per-

formance and transient operation, and which propose new converter topologies,

are developed.

52



Chapter 4

Power quality, steady-state and

dynamic operation

4.1 Introduction

At present, there are two alternative approaches to the realisation of MMCs.

The first approach utilises a large number of cells per arm, where the blocking

capability of each cell is small and is defined by the rating of a single switching

device (i.e. 2-3 kV). The second approach adopts a reduced number of cells

per arm, with each cell rated for high DC operating voltage, ranging between

16-20 kV. Thus, the latter approach requires the adoption of series-connected

semiconductor devices. This chapter presents a research approach which utilises

detailed converter models and a well-designed set of test scenarios to compare

the performance of different converters, with emphasis given to AAC and MMC

and its derivatives, namely the FB-MMC and MC-MMC. Both FB-MMC and

HB-MMC are investigated, even though the HB-MMC does not have blocking

capability. The main results obtained from this detailed modelling exercise are

thoroughly discussed and the main factors that affect the power quality on the

AC and DC sides, losses and potential design trade-offs are identified.

4.2 Design methodology

This section describes the procedures followed for designing the converters, in-

cluding choice of semiconductors, the number of cells, and the passive component

values (i.e. cell capacitor and arm inductance). For ease of comparison, the

design has been accomplished assuming the same rated power, DC voltage and

voltage stress per device for all converters.
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4.2.1 Sizing of passive components

Correct sizing of passive components (such as cell capacitors and arm inductance)

is critical for stable operation of AAC and MMC. Passive components have to

be sized for stable and transient operation while allowing safe operation of the

converter according to operational requirements. The passive components dic-

tate converter response and behaviour during dynamic and transient operation.

Therefore, it is necessary to size according to the application, and the function-

ality of the converter.

Cell capacitance

Since cell capacitors in AAC and MMC experience low-frequency current, large

cell capacitance will be required to ensure acceptable voltage ripple. There are

two requirements for capacitor sizing. The first is to achieve minimum voltage

ripple in the steady state according to the PQ capabilities of the converter. This

specifies the minimum cell capacitance value. Cell capacitor energy Ecell, is de-

fined according to

Ecell =
N · Ccell · V 2

c

2
(4.1)

where, N is the number of cell, Vc is the cell voltage and the cell capacitance Ccell
is defined as

Ccell =
N ·∆Ecell

2 · V 2
DC ·∆Vc−max

(4.2)

where ∆Vc−max is the maximum cell voltage ripple while the maximum arm energy

deviation ∆Ecell can be described as

∆Ecell =
2 · S

3 · ω M
(4.3)

where S is the apparent power.

As a result, by combining (4.2) and (4.3) cell capacitance can be described as

Ccell =
N · S

3 · ω ·M · V 2
DC ·∆Vc−max

(4.4)

where the maximum voltage ripple amplitude occurs for zero real power transfer.

Cell capacitor energy deviation ∆Ecell increases at low values of modulation index

M .

The second requirement is to size the capacitor in order to ensure compliance

with the design value of cell capacitor voltage ripple during transient operation.

For example, during DC faults, the DC voltage collapses almost immediately,
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which leads to significant energy deviation in the cell capacitors. Also due to

control signal delays, the cells are not bypassed or blocked immediately. The

resulting variation in capacitor energy causes significant cell voltage ripple. The

cell capacitor must be sized to accommodate this before system protection is

enabled, to avoid a voltage ripple that exceeds the insulation ratings of the cell.

To ensure stable operation over a wide modulation index, AAC energy storage

capability is assumed to be similar to that of the MMC (i.e. 40 kJ/MW) [74, 75],

which covers the minimum requirement for steady-state and transient operation.

Arm inductance

In an MMC the arm inductance Larm (or accumulated DC side inductance) can

act as a filter for the circulating currents and can prolong current rise time in the

event of a DC-side fault. The minimum installed arm inductance is defined by

(4.5)

Larm =
5 ·M · V 2

DC ·∆Vc−max
feff · S

(4.5)

and is dependent on the cell capacitor voltage ripple, the modulation index M ,

and the effective switching frequency feff of the converter. Arm inductance is not

affected by the number of cells. However, (A.1) shows that feff is depended upon

the number of cells for fixed cell switching frequency. As a result, the required

magnitude of Larm decreases as the number of cells increases.

In the case of AAC, the arm inductance should be sufficient to enable the arm

current to be transferred between arms during the overlap period [76]. Therefore

the maximum value of arm inductance is

Larm−maxAAC =
N

Ccell

(
tover
π

)2

(4.6)

Arm inductance must also provide a degree of current filtering in order to suppress

di/dt and reduce EMI. As a result the minimum AAC arm inductance is

Larm−minAAC =
V̂arm

2 · feff ·∆Îarm
(4.7)

where V̂arm is the peak arm voltage and Îarm is the peak arm current.

Equation (4.7) shows that arm inductance is not dependent upon cell voltage

deviation. This is due to the lack of continuous energy exchange between the

upper and lower arms, which is a feature of the MMC. As a result the AAC

arm inductance does not make a major contribution to converter dynamics. Ad-
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ditionally, in view lower value of inductance in AAC, AC side power quality is

ensured by insertion of additional AC inductance. This additional inductance is

also necessary to ensure control and good dynamic performance of AAC.

DC filter

An AAC requires a sizeable DC filter to attenuate 6th harmonic current and its

multiples. Initially LDCf according to application specific requirements. The

filter capacitance CDCf is then calculated according (4.8). A major consideration

is to reduce as far as possible the size of CDCf to ensure minimal impact on DC

fault current levels. A resistor connected in parallel with the inductor is then

chosen to yield the specified quality factor QDCf according to (4.9).

fDCf =
1

π
√
LDCf · CDCf

(4.8)

QDCf = RDCf

√
CDCf
LDCf

(4.9)

As a result, the component values for a DC filter that sufficiently suppresses the

6th AAC harmonic, over a wide operating range, are LDCf = 10 mH, and CDCf
= 28.15 µF.

4.2.2 Number of cells and semiconductors

The number of cells is defined by two factors. Firstly, the AC power quality re-

quirements need to be fulfilled according to the Grid Code of each country. The

higher the number of cells, the better the quality of the AC voltage generated

by the converter, except if AC filtering is considered or for specific modulation

techniques [77]. The second factor is related to the converter’s operating power

and DC voltage. Each cell must be rated to support Vcell=
Vchain
N

. The use of

parallel IGBTs reduces the semiconductor losses and allows the use of lower

current-rated IGBTs, while series connection reduces the number of cells, and

hence power circuit and control complexity, and creepage and clearance require-

ments. Since series connection of IGBTs is not a straightforward task, it is more

common to design cells to support voltage across single IGBT devices. Practi-

cally, the blocking voltage Vigbt of an IGBT is selected to enable stable operation

and prolonged lifespan, and to sustain transient overvoltages. Induced cosmic

rays and potential transient (overvoltage) operation have significant impact on

IGBT reliability, therefore the applied voltage needs to be 60% or less of the rated
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voltage. Consequently, 3.3 kV IGBTs [78] with Vigbt = 1.8 kV are used for the

presented studies.

The converters being compared are assumed to have a similar utilisation factor

Kuti (the ratio of the required blocking voltages Vchain to the installed blocking

voltage capability of the chain-link) with respect to the semiconductors in each

chain-link and DS, as described in (3.29). An increased value of Kuti results

in lower conduction losses as the silicon is used more effectively. To facilitate

continuous operation during cell failure, redundant cells should be included in

each chain-link, so that the failed cell can be replaced during a maintenance

cycle. As a result the MMC and AAC topologies are tested with 400 and 244

cells per arm respectively [79], which includes approximately 11% extra cells in

each case. Since in HVDC applications an AAC must contribute to AC voltage or

reactive power control, its Vchain modulation index can be controlled around the

typical optimal operating point M = 4
π
, benefiting from the AC and DC voltage

decoupling offered by the FB cells. By exploiting this feature and the redundancy

of FB cells, the converter AC line-to-line voltage is increased to 500kV, in order

to achieve flexible operation as the AAC varies its power exchange.

4.2.3 Types of cell semiconductors

The main semiconductor component used in HVDC VSCs, including multilevel

converters, is the silicon (Si) IGBT due to its high voltage blocking and high

current rating capabilities. Although the use of Si IGBTs is straightforward, the

efficiency offered by these devices even when combined in simple arrangements

such as HB cells, may not be as good as that which may be achieved using other

devices or semiconductor materials.

An alternative solution would be to use thyristor devices, such as the inte-

grated gate-commutated thyristor (IGCT). The conduction loss of these device is

limited to almost half that of that of a Si IGBT. Despite the very low conduction

losses, the switching losses are almost three time higher than those of an IGBT

due to increased energy loss incurred in the IGCT gate driver. Devices such as

the fast-switching Silicon Carbide (SiC) MOSFET, which uses wide bandgap SiC,

offer a potential alternative to IGBTs, which suffer from relatively slow turn-on

and turn-off times and, therefore, increased switching losses. However, in SiC

MOSFETs, conduction losses are slightly increased while the current capabilities

are still limited to a few hundred amps. Therefore, it is necessary to connect

multiple SiC MOSFETs in parallel to achieve the same capabilities as a single Si

IGBT, thus increasing the complexity of the cell topology.

Another alternative to a single Si IGBT is the hybrid switch (HS) [80], which

57



S1

S2

Ccell

Sigbt
Smosfet
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Si IGBT SiC MOSFETGate driver signals

Cell

Figure 4.1: Arrangement of hybrid switch.

includes parallel-connected Si and SiC devices, as illustrated in Fig. 4.1, resulting

in reduced switching losses. The HS is controlled in such a way that the SiC

MOSFET conducts the main current during turn-off. In this way, the IGBT

on-state loss and MOSFET switching speed performances are both exploited to

achieve minimal loss. As shown in Fig. 4.1 the SiC MOSFET experiences a short

duration current pulse, enabling peak currents that significantly exceed the rated

value. However, the HS device topology results in increased semiconductor area

which may impact overall reliability. Additionally, switching signal control adds

to the complexity, as the SiC MOSFET needs to turn-on before the turn-off of the

Si IGBT. When deployed in HB or FB cells, the possibility of having to introduce

extended underlap (dead times) may increase the switching losses.

4.3 Semiconductor losses

Detailed loss distribution between individual switching devices of the FB and

HB cells in MMC and AAC converters and between the diodes and IGBTs in a

IGBT module are shown in Fig 4.2 according to the semiconductor arrangement

in Fig. 3.5. In an IGBT module, which incorporates an inherent anti-parallel

diode, the IGBT incurs more power loss than the diode. Hence, an HB cell incurs

lower power loss during rectification operation (i.e. power flow from the AC to

the DC side which is assumed as positive power flow). This is because during

rectification mode, the majority of conduction is through the diode. In an FB cell,

the loss distribution remains similar during inverter and rectifier modes. This is

due to the fact that the numbers of diodes and IGBTs in the conduction path

remain the same in both inverter and rectifier modes. Even though the number
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(b) FB-MMC cell
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(c) FB-AAC cell

Figure 4.2: Cell loss distribution over the total cell losses during inverter (inv)
and rectification (rec) mode.

of semiconductor devices in the conduction path in an AAC is the same as that

in an MMC, the detailed loss distribution in the FB cell of the AAC exhibits

different behaviour to that in the MMC. Table 4.1 illustrates the contribution of

FB and HB cells, and DS to conduction and switching losses in each topology

(where applicable).

Among the MMC topologies, the switching losses remain the same as only

two switches are required to change their states (Tables 3.1 and 3.2), while the

increased switching losses observed in the AAC are due to operation in the over-

modulation region where a cell’s negative polarity voltage must be exploited, and

the switches operate more frequently. Fig. 4.3 shows that the total semiconduc-

Table 4.1: Loss contributions (inverter mode: P = 1 p.u., Q = 0 p.u.).

[kW] AAC FB HB MC

Cond. FB
4477

(44%)

11592

(91%)
-

5794

(62%)

Cond. HB - -
4749

(81%)

2372

(26%)

Cond. DS
4058

(39%)
- - -

Sw. FB
1686

(17%)

1119

(9%)
-

595

(6%)

Sw. HB - -
1136

(19%)

593

(6%)

Sw. DS
0

(0%)
- - -
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Figure 4.3: Total semiconductor losses at various operating points for AAC and
MMC.

tor losses when the HB-MMC operates in inverter mode are more than half those

of the FB-MMC, as the majority of the conduction is through the IGBTs. How-

ever, such losses are lower in rectification mode, as the majority of conduction is

through the diodes. The DS in the AAC are responsible for almost half of the

conduction losses while they produce zero switching losses due to zero voltage

switching. Table 4.2 shows that the reduction in the number of cells increases

the switching losses, since a larger number of series-connected IGBTs switch for

any given value of instantaneous current, while the conduction losses are only

affected by the values of the utilisation factor Kuti.

Table 4.2: Effect of Kuti on MMC.

Ncell Kuti Cond. Losses [kW] Sw. Losses [kW]

20 0.99 4268 1246

100 0.89 4747 1222

400 0.89 4749 1136

The tested converters use the NLC strategy, whilst the effective switching

frequency for 20, 100 and 400 cells per arm is 4 kHz, 20 kHz and 80 kHz re-

spectively. For a reduced number of levels, PWM is employed, which may lead

to higher switching losses as the cells switch according to the carrier switching

frequency.

Table 4.3 shows the losses among different semiconductor implementations
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of hybrid switches, defined in Cases 1 to 4, in the cells of a 400 cell HB-MMC.

Short conduction time tpm = 10 µs may allow the SiC devices to operate above

rated current. SiC MOSFETs are arranged to match the ratings of a 3.3 kV,

1500 A Si IGBT [78]. Mitsubishi and Cree SiC MOSFETs are considered. The

Mitsubishi SiC MOSFET arrangement consists of 16 parallel-connected 3.3 kV

SiC MOSFETs and silicon body diodes SBD [81]. The Cree arrangement consists

of two series connected 1.7 kV SiC MOSFETs [82]. Due to the use of incomplete

data-sheet, variations of one, two and three rows in parallel are considered, as

the true limitations of the semiconductor are still unknown. The tested cases can

be summarised as:

Case 1 One Si IGBT in parallel with 27 Mitsubishi 3.3 kV SiC MOSFETs.

Case 2 One Si IGBT in parallel with one row of two-series connected Cree 1.7

kV SiC MOSFETS.

Case 3 One Si IGBT in parallel with two rows of two series-connected Cree 1.7

kV SiC MOSFETS.

Case 4 One Si IGBT in parallel with one row of three series-connected Cree 1.7

kV SiC MOSFETS.

Table 4.3: Effect of hybrid switch on total losses per arm.

Losses
Basic

MMC
Case 1 Case 2 Case 3 Case 4

IGBT
Cond. Losses [kW] 764.5 764.5 764.5 764.5 764.5

Sw. Losses [kW] - 0.6 11.7 4.9 2.7

MOSFET
Cond. Losses [kW] 301.6 161.1 161.1 161.1 161.1

Sw. Losses [kW] - 76.2 11.8 23.9 36.1

Total
Cond. Losses [kW] 301.6 237.3 172.9 185.0 197.2

Sw. Losses [kW] 764.5 765.1 776.2 769.4 767.2

% loss change

compared to

basic MMC

Cond. Losses [%] 0.0 -21.3 -42.7 -38.7 -34.6

Sw. Losses [%] 0.0 0.1 1.5 0.6 0.4

Total losses [%] 0.0 -6.0 -11.0 -10.5 -9.5
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In all cases the cell conduction losses are slightly increased as the IGBTs and

MOSFETs conduct simultaneously for a brief period. However, the IGBT switch-

ing losses are reduced by more than half, and the reduction in switching losses

outweighs the slight increase in conduction losses. Increasing the number of

parallel-connected MOSFET strings reduces total losses, although switching loss

reduction decreases as more MOSFETS are switched for a given voltage. How-

ever, by parallel-connecting more semiconductors, the HS should show high re-

liability due to the increased current sharing resulting in reduced device stress.

The reduction in switching losses is, however, noticeable.

SiC MOSFETs have increased forward voltage drop even at lower tempera-

tures (25oC, RDS = 8 mΩ per MOSFET), while the arrangements of SiC MOS-

FETs detailed in Cases 1 to 4, have a forward voltage drop equal to 4.8 V.

The equivalent Si IGBT (25 oC, 3.3 kV, 1500 A) has only 2-2.8 V saturation

voltage due to conductivity modulation. For SiC MOSFETs at higher tempera-

tures, the voltage drop will worsen due to higher RDS. Parallel connection of the

MOSFETs may reduce the conduction losses. It would require approximately 10

parallel connected SiC MOSFETs to match the conduction losses of an IGBT

module. However, conduction losses are also dependent on the overlap conduc-

tion time tpm (0-5 µs) shown in Fig. 4.1, and the over current capacity of the SiC

MOSFETs.

4.4 Power quality

Fig. 4.4 shows that both converters have high-quality AC waveforms with very

low total harmonic distortion (THD). However, for future DC grids, which involve

connections with multiple converters, DC power quality should also be consid-

ered. DC current IDC determines the fluctuations in cable loading while DC

voltage affects the design of cable insulation [83]. According to IEC-60287 (the

standards applicable to the conditions of steady-state operation of cables at all

alternating voltages), the DC current response of the cables is a function of the

differential temperature variation between the conductor and ambient. Cable

insulation requirements are calculated based on temperature variation, which is

affected by low-frequency current ripple [84]. Consideration of DC current ripple

is critical during the design process of DC cables, and potential integration of

AAC into multi-terminal systems. From Fig. 4.4(f), it is evident that the DC

current of the AAC exhibits high-magnitude 6th harmonic ripple, which is due

to the fundamental operation of the AAC. The quality of DC waveforms is af-

fected by the number of cells employed in each arm, as shown in Fig 4.5. A low
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Figure 4.4: MMC and AAC output voltage and current quality.

number of cells per arm leads to higher voltage step transitions, and this causes

larger voltage mismatches between the differential voltage and DC voltage. By

comparing the DC current and DC voltage ripple for a 40-cell and a 400-cell

MMC, it can be deduced that the higher the number of cells, the lower the DC

current and voltage ripple range. The voltage and current ripples show in the DC

side are primarily at 300 Hz, and are more likely due to the interactions between

different controllers that maintain the internal dynamics of the MMC. Typically,

these ripples are attenuated by installing DC filters at the converter DC bus.

The plots for THD of the AC-side waveforms (pre-filter, line-to-line voltages and

phase currents) in Fig. 4.4, and those of pole-to-pole DC voltage and DC link

current ripple in Fig. 4.6, indicate the inferiority of the AAC compared to the

MMC in terms of AC and DC power quality. It should be noted that the AC

and DC side power quality of the MMC with large and reduced numbers of cells

remains practically unchanged. This due to the fact that converters operate at

rated active power and between rated capacitive and inductive reactive power.

Nevertheless, the quality of the DC waveforms in AAC worsens as its reactive

power output increases, while the DC voltage ripple of the AAC quickly exceeds

3%, which is accepted as an informal standard [85], during steady state operation

and within the rated capability of the converter. Normally, THI does not appear

in the DC voltage of the MMC, as it is cancelled by the complementary opera-
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Figure 4.5: MMC DC voltage and current harmonics for 40 and 400 cells per
arm.

tion of the arm voltage. However due to the fundamental operation of AAC, any

injected harmonic in the arm voltages appears in the DC voltage as an added

component. Therefore, a dedicated DC filter for THI must be implemented to

cancel the 3rd and 6th harmonics and their multiples. The plots in Fig. 4.6 show

the AAC DC current ripple when DC smoothing inductors with values of 10 mH,

50 mH, 100 mH and 300 mH are considered. Fig. 4.7 includes the DC current

ripple when an enhanced filter is used for 3rd, 6th and 12th harmonic attenuation,

with lumped values LDCf = 0.3 mH and CDCf = 145.5 µF, which is similar to

the short overlap method [86]. The high-value capacitance used in the enhanced

filter will increase the amount of energy discharged during a DC fault.

The same harmonic components can be suppressed with an only inductive low-

pass filter. As the AAC does not need arm inductance due to the fast operation

of the DS, the lumped values of the upper and lower arm inductances can be

placed on the positive and negative poles on the DC side. However, a small value

inductance must be present in the arms in order to absorb the high-frequency

switching components [86]. The 12.5% (100 mH) DC inductance at the DC

link of the AAC reduces the DC current ripple to 10%, which is similar to that
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Figure 4.6: AAC and MMC, AC and DC power quality during variable Q for P
= 1 p.u.
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Figure 4.7: AAC DC current ripple for various installed DC inductances and
filters.

achieved in the extended overlap method [87]. No reduction of great significance

can be observed in the DC current ripple when increased inductance of 300 mH is

used. DC inductances of 100 mH and 300 mH gives similar harmonic performance

to the enhanced filter which included increased capacitance. It should be noted
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that, whilst the DC smoothing inductor reduces current ripple, it must be sized

for rated DC current.

4.5 Dynamic operation

Controller operation is tested through offline simulations, in order to validate the

dynamic action of the converters for their dedicated PQ envelope of capabilities.

The network consists of two converters in a symmetric monopole configuration

which are connected via DC cables (wideband cable model). In each case the

controllers are tuned accordingly to minimise interactions between the converter

controllers. Three types of controllers, P, VDC and V/f shown in Fig. 4.8, are

applied in the demonstration of dynamic variation of active and reactive power,

and DC voltage over all four quadrants of operation. The strong grids are mod-

elled as equivalent Thevenin voltage sources with short circuit level (SCL) = 10.

V/f control is applied to demonstrate the ability of the converter to operate in

islanding mode connected to a WF. The details for the model of the WF are

provided in Appendix C.

Table 4.4 shows the rating and design specifications for each converter topol-

ogy, similar to the INELFE project [89]. The P-Q capabilities of the MMC and

AAC are given in Fig. 4.9. Both converters have similar capabilities regarding the

power delivery during inverter and rectifier modes for unity power factor. For any

DC voltage value, power delivery is limited by the current carrying capability of

the cables. Hence, if the converter has the ability to operate at lower DC voltage,

the DC current always has a fixed limit resulting in lower power operation.

70km DC cable

Converter 1

P controlVdc control

Grid 1 Grid 2

SCL: 10 GVA

Converter 2

SCL: 10 GVA

(a) Point to point HVDC network connected to strong AC grids.

70km DC cable

Converter 1

VDC controlV/F control

Grid 2

SCL: 10 GVA

Converter 2

SCL: 1.2 GVA

(b) Point-to-point HVDC network connected to a WF and a strong AC grid

Figure 4.8: HVDC test networks.
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Both converters have similar reactive power consumption ability, limited by

the AC voltage value, which cannot be less than 90% of the nominal value. This

limit also defines the cell capacitor voltage ripple which tends to be in the range

of 10% of the nominal DC voltage. In the case of reduced DC voltage operation

the cell capacitors experience higher voltage ripple, hence the reactive power op-

eration is further limited. This leads to the main difference between the MMC

and the AAC, which is their reactive power generation capabilities. During ca-

pacitive operation, the converter has to generate higher AC voltage for leading

AC current.

Table 4.4: AAC and MMC parameters.

Parameter AAC MMC

Active power S[MVA] 1045

DC voltage VDC [kV] 640

Transformer reactance Xtr[%] 18

Cell capacitor energy E[ kJ
MV A

] 35

Number of cells per chain-link N 20

Chain-link and DS voltage Vchain/VDS[kV] 388/604 640/-

Grid and converter LL voltage VLLgrid/VLLconv [kV] 400/500 400/320

Arm inductance Larm[mH] 11.14 65.36

Phase reactor Lph[mH] 37.8 -

The increased AC voltage may reach the voltage thresholds of the converter,

regarding insulation levels and cell voltage ripple, for lower equivalent reactive

power than that consumed during inductive operation. Hence the reactive power

generation limit is further reduced compared to that during inductive operation.

In the case of the MMC, the limit is bounded to the upper AC voltage threshold

which is approximately 110% of the nominal AC voltage value. However, in

AAC, due to the over-modulation procedure for creating the optimal operating

point, the reactive power generation limit is further reduced. For any type of

converter the reactive power capabilities are bound to the DC voltage. Therefore,

if DC voltage is limited, reactive power is further limited. Nevertheless, the MC-

MMC and FB-MMC can further benefit from their extended DC voltage operation

capability and continually operate within the designed P-Q envelope. MC-MMC

and FB-MMC, due to their degree of freedom on modulation index, can maintain
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Figure 4.9: Active and reactive capability converter envelope.

the AC voltage for reduced DC voltage operation, which allows the exploitation

of active and reactive power limited only by the DC current thresholds and cell

capacitor voltage ripple. In Fig. 4.9 the shaded area shows the nominal operating

region of the converters. However, in reality, the reactive capabilities are further

limited to operate within a safe margin, and to protect converter insulation.

Hence, in the case studies, the converters are designed to operate with maximum

active power P = 1 p.u. and reactive power Q = 0.25 p.u.

4.5.1 Operation over four quadrants with P control

This section shows the MMC and AAC converter and control abilities operat-

ing under P control, as shown in Fig. 4.8(a), during active and reactive power

dynamic operation, over the entire P-Q range of the converter with ramp rate 4

p.u./s.

MMC

A full P-Q envelope demonstration for the MMC is illustrated in Fig. 4.10. As

the DC voltage is limited to operate at its fixed nominal value, the following

results are representative for all types of MMC (HB, MC and FB) as the need

for over-modulation is not incorporated.

During the first 2 seconds of operation, the MMC operates as a STATCOM

and provides and consumes reactive power. The AC converter voltages are gen-

erated as the arm voltages are adjusted according to the modulation index. The

common-mode (cm) and DC currents are observed to stay zero, while arm cur-
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(a) RMS grid voltage (b) RMS grid current (c) Active power

(d) Reactive power (e) Cm voltages (f) Cm currents

(g) DC current (h) DC voltage (i) Ave. switching freqs.

(j) Arm currents MMC1 (k) Arm currents MMC2 (l) Total voltage cell capacitor
MMC1

(m) Total voltage cell
capacitor MMC2

(n) Arm voltages MMC1 (o) Arm voltages MMC2

Figure 4.10: Dynamic response of active and reactive power controllers in a point-
to-point MMC DC network.
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rents provide the reactive currents, which can also be seen in the grid currents.

As the DC voltage is maintained, and the reactive power that is provided is rel-

atively lower than the nominal active power, the reactive currents are small in

magnitude. Hence, the capacitor voltages experience low voltage ripple.

Ramping the active power, at t= 2 s, the DC voltage experiences an overshoot.

For lower ramp-rate the converter DC voltage may have lower DC overshoot,

until it settles to its nominal value under the control of Converter1 (MMC1 in

this case). The cm current also oscillates for a few milliseconds. Additionally,

due to the relatively low number of cells, the arm voltage quality increases the cm

voltage and current ripple. A power reversal occurs at t = 4 s, which causes an

undershoot in the DC voltage. The effect of power reversal can also be observed

in the arm, cm and DC currents. Furthermore, the capacitor voltages are well

balanced around the nominal value, while the ripple fluctuates according to power

factor cosφ. AC voltage and current deviate according to converter operating

mode (rectification or inversion) and power factor. Additionally, the AC current

difference between MMC1 and MMC2 during active power operation can indicate

the losses in the DC grid. The average the cm voltage is relatively constant and

exhibits error equivalent to one cell capacitor voltage, even during power reversal.

This indicates arm voltage balance in each phase. Finally, the average switching

frequency of the converter is kept low, showing that the switching losses and the

temperature increase due to switching are well regulated.

AAC

A full P-Q envelope demonstration for AAC is illustrated in Fig. 4.11. Identical

as with on MMC, the AAC shows STATCOM operation during the first seconds of

operation. The modulation index changes which result from the P control action

only affect the negative chain-link voltages, whilst the positive chain-link voltages

stay relatively constant. The negative chain-link voltage profile is mirrored in the

voltage seen across the DS. The DC voltage experiences lower ripple than in

the MMC due to the DC filter. The AC voltages and currents are adjusted

to be identical to those in the MMC in the previous demonstration, to provide

the required active and reactive powers. Fig. 4.12 shows expanded waveforms

over a narrow time span of those shown in Fig. 4.12(a), during three distinct

modes of operation, i.e. STATCOM, unity power factor and cosφ=0.97. During

STATCOM (t = 0-2 s) and unity power factor (t = 2-5 s) operation, the arm

currents di/dt do not generate any phase voltage overshoot, as confirmed by the

cm voltage shown in Fig 4.13. However, during simultaneous transfer of active

and reactive power transfer, the hard-switched DS interrupts the arm currents.
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(a) RMS grid voltage (b) RMS grid current (c) Active power

(d) Reactive power (e) DS voltages AAC1 (f) DS voltages AAC2

(g) DC current (h) DC voltage (i) Ave. switching freqs.

(j) Arm currents AAC1 (k) Arm currents AAC2 (l) Total voltage cell capacitor
AAC1

(m) Total voltage cell
capacitor AAC2

(n) Chain-link voltages AAC1 (o) Chain-link voltages AAC2

Figure 4.11: Dynamic response of Active and Reactive power controllers in a
point-to-point AAC DC network.
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The consequent di/dt results in overvoltage across the phase as shown in the

common-voltage in Fig. 4.13.

Such overvoltages can be destructive for the converter insulation, since Fig.

4.13 shows that the exceed the nominal voltage by 90% for extended periods

of operation. The surge arresters that are placed in each arm have to suppress

the overvoltages to achieve nominal operation, which may deteriorate the power

quality and the reliability of the converter. Additionally, during operation with

the surge currents, the capacitor voltage ripple is increased. Nonetheless, the av-

erage switching frequency of the converter is well regulated, and the temperature

increase due to switching loss is maintained within design limits.

(a) P=0 MW, Q=250 MVAr
(STATCOM)

(b) P=1000 MW, Q=0 MVAr
(cosφ=1)

(c) P=1000 MW, Q=250
MVAr (cosφ=0.97)

Figure 4.12: AAC arm currents for various operating set-points.

Figure 4.13: AAC common-mode arm voltages

4.5.2 Operation over four quadrants with VDC control

This section demonstrates how the converter performs when transferring rated

power at reduced DC voltage. Whilst the preceding section was able to consider

all variants of the MMC in a single study, the following study must consider each

variant individually due to the different voltage capabilities of their cells.
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HB-MMC

In an HB-MMC the minimum controllable operating DC voltage VDC is equal

to the magnitude of the rectified line-to-line AC voltage. In order to exploit the

PQ capabilities of the converter the cell capacitor voltage ripple dVcell must also

be considered. The minimum operating DC voltage for an HB-MMC is therefore

defined by:

V ∗DCmin = V̂ACLL + 2
VDC
N

dVcell (4.10)

Fig. 4.14 shows the operation of an HB-MMC during reduced DC voltage. In

order to reduce the risk of losing control of the converter, the active power has

been set to zero. DC voltage is therefore initially reduced to VDC√
2

. The DC

voltage controller dynamics produce a voltage undershoot at t = 1.5 s as shown

in Fig. 4.14(b). This undershoot can also be seen in the capacitor voltage shown

in Figs. 4.14(j) and 4.14(k). As a result, converter control is briefly lost, leading

to surge currents in the converter arms and on the DC and AC sides, as shown

in Fig. 4.14(i) and 4.14(l) respectively. A t = 2 s, a new voltage reference is set

according to (4.10). At the new value of DC voltage the amount of power transfer

is limited by the DC current as shown in Fig. 4.14(i). During non-unity power

factor operation, the AC voltage is adjusted for inductive and capacitive reactive

power. During inductive reactive power flow, the converter operates normally as

the AC voltage is reduced, as shown in Fig. 4.14(a) at t = 3.5 s. However, during

capacitive reactive power transfer the converter briefly reaches the AC voltage

limit, at t = 4.2 s. Surges are observed in the DC and arm currents as shown in

Figs. 4.14(i), 4.14(g) and 4.14(h). These currents are a direct consequence of the

dynamics of the reactive power controller. During reduced DC voltage operation,

the controller generates modulation indices that exceed the capabilities of the

converter. Nevertheless, the converter operates up to unity modulation index

where the lower limit of the arm voltages is zero, as shown in Figs. 4.14(e) and

4.14(f), as they cannot take a negative value in order to operate in the over-

modulation region.
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(a) RMS grid voltages (b) DC and converter LL
RMS voltages

(c) Active power

(d) Reactive power (e) Arm voltages MMC1 (f) Arm voltages MMC2

(g) Arm currents MMC1 (h) Arm currents MMC2 (i) DC currents

(j) Total cell capacitor
voltages MMC1

(k) Total cell capacitor
voltages MMC2

(l) RMS grid currents

Figure 4.14: Dynamic response of DC and Reactive power controllers on a point-
to-point HB-MMC DC network.

FB-MMC

An FB-MMC is able to operate in the full over-modulation region, which allows

the generation of the negative arm voltages up to negative DC link voltage. Fig.

4.15 shows the ability of an FB-MMC to reverse the DC voltage.
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(a) Reactive power (b) DC voltages (c) DC currents

(d) RMS grid currents (e) RMS grid voltages (f) Active powers

(g) Arm voltages MMC1 (h) Arm voltages MMC2 (i) Total voltages cell
capacitor MMC1

(j) Total voltages cell
capacitor MMC2

(k) Arm currents MMC1 (l) Arm currents MMC2

Figure 4.15: Dynamic response of DC and Reactive power controllers on a point-
to-point FB-MMC DC network.

During DC voltage reversal, the active power has to be zero to avoid surge

currents. During DC voltage reversal, the voltage passes through zero, at which

point the converter enters a region of uncontrollability as zero voltage does not

allow natural maintenance of the cell capacitor voltages. Surge currents therefore

occur. After VDC settles to a negative DC voltage determined by the controller

DC voltage reference, the cell capacitor voltages settle to their nominal value

and the arm voltages are negative. Throughout the DC voltage reversal the AC
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voltage does not change as shown in Fig. 4.15(e). Following DC voltage reversal

full power transfer is still possible if the current direction is also reversed as shown

Figs. 4.15(f) and 4.15(c) respectively. This operation can be achieved for a hybrid

HVDC grid which incorporates an LCC and VSC technologies, as in LCC power

reversal is achieved by reversing the DC voltage. However, such an operation has

to be combined with the appropriate cable technology, as the XLPE cables that

are used mainly in HVDC-VSC do not allow DC voltage reversal due to the way

their insulation is manufactured [90]. This functionality can be achieved with oil

impregnated cables, but these are considered to be environmentally hazardous.

MC-MMC

The MC-MMC can be considered to be an FB-MMC with a limited over-modulation

range. In the case where the converter does not need to create negative DC link

voltages, an MC-MMC with a cell ratio of HB:FB=1 is sufficient to create zero

DC link voltages and block DC faults. In this study the DC voltage is reduced

to 15% of the nominal value allowing full P-Q capabilities, restricted only by the

DC current limits. In order to reduce the DC voltage the active power reference

is set to zero. After setting the DC voltage to the new limited value (15% of

nominal), the arm voltage operates between the positive and negative voltages

shown in Fig. 4.16(g) and 4.16(h) allowing the AC voltage shown in Fig. 4.16(e)

to be unaffected by the reduced DC voltage as shown in Fig. 4.16(b). Setting the

active power to be limited according to the new DC voltage allows the converter

to operate at the DC current limit. However, the DC current can be high due

to the controller dynamics and the equivalent power ramp rate. For 1 p.u. DC

voltage, the power ramp rate of 4 p.u./s is set according to 4 p.u./s DC current.

However due to the limited DC voltage, the 0.15 p.u. DC voltage equates the

4 p.u./s power ramp rate to 26.67 p.u./s DC current ramp rate. As a result,

the dynamics of the outer and inner controllers cause DC current overshoots as

shown in Fig. 4.16(c) at t = 2.5 s. As a result a limited power ramp rate is

required. Nevertheless, during the reduced DC voltage operation the HB cells

cease to operate as the FB cells are sufficient to create the positive and negative

arm voltages as shown in Figs 4.16(i) and 4.16(j).
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(a) Reactive power (b) DC voltages (c) DC currents

(d) RMS grid currents (e) RMS grid voltages (f) Active powers

(g) Arm voltages MMC1 (h) Arm voltages MMC2 (i) Total voltages cell
capacitor MMC1

(j) Total voltages cell
capacitor MMC2

(k) Arm currents MMC1 (l) Arm currents MMC2

Figure 4.16: Dynamic response of DC and Reactive power controllers on a point-
to-point MC-MMC DC network.

AAC

The AAC has an absolute minimum DC voltage VDC√
2

. In order to maintain the

energy balance between the AC and DC sides the converter has to operate at

an optimal operating point, as described in detail in Chapter 3. However, if this

optimal operating point is violated it is not possible to operate in the nominal

operating region of the P-Q envelope, as described in Fig. 4.9(b). To operate at

reduced DC voltage the active power reference must be set at zero.
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(a) Reactive power (b) DC and converter LL
RMS voltages

(c) DC currents

(d) RMS grid voltages (e) RMS grid currents (f) Active powers

(g) Chain-link voltages AAC1 (h) Chain-link voltages AAC2 (i) Total voltages cell
capacitor AAC1

(j) Total voltages cell
capacitor AAC2

(k) Arm currents AAC1 (l) Arm currents AAC2

Figure 4.17: Dynamic response of DC and Reactive power controllers on a point-
to-point AAC DC network.

At t = 1 s the new DC voltage reference is set to VDC√
2

as shown in Fig. 4.17(b).

However, in order to maintain the optimal operating point while achieving power

flow the DC voltage is set at 90% of the nominal value at t= 1.5 s. When inductive

reactive power is demanded at t = 2.5 s the converter continues to operate as

normal. At t = 3 s when the capacitive reactive power is demanded converter

operation moves away from the optimal operating point. Energy balance the AC

and DC sides is lost and converter control is lost as shown in Fig. 4.17(e). This
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demonstrates that AAC is not able to operate with reduced DC voltage over the

entire PQ envelope.

4.5.3 Operation over four quadrants with V/f control

This section shows converter and controller operation for a point-to-point net-

work which includes an islanded converter under V/f control, and a non-islanded

converter under DC voltage control, as is illustrated in Fig. 4.8(b). The con-

verter under V/f control is connected to an aggregated WF which is equivalent

to 167 WTs of 6 MW each [88]. Fig. 4.18 shows simulations of WF connection

and power transfer for an MMC based network. Fig. 4.19 illustrates the same

investigation for an AAC based network. In both cases, when the AC circuit

breakers are closed at t = 1.5 s, connecting the WF to the network, the WT pitch

controller gradually increases the power supplied to the network. The different

converter topologies generate different magnitudes of AC voltage, as shown in

Figs. 4.18(c) and 4.19(c), in order to achieve the required output frequency, as

shown in Figs. 4.18(f) and 4.19(f). However, as shown in Fig. 4.18(d) and Fig

4.19(d), to achieve the same goal the AAC reactive power requirement is greater

than that of the MMC resulting in marginally increased stress on the AAC.

(a) Active power (b) DC voltages (c) RMS line-to-line grid
voltage

(d) Reactive power (e) Activeff power (f) PLL frequency

Figure 4.18: Dynamic responses of MMC on V/f controller with WF connection.
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(a) Active power (b) DC voltages (c) RMS line-to-line grid
voltage

(d) Reactive power (e) Active power (f) PLL frequency

Figure 4.19: Dynamic responses of AAC on V/f controller with WF connection.

4.6 Summary

This Chapter presents a comprehensive comparison between AAC and MMC

topologies, using high-fidelity converter models, and including all the necessary

controllers for ensuring overall converter stability. The main conclusions drawn

from these studies are summarised as follows.

• At unity power factor, the power quality at the DC side (DC current and

voltage waveforms) of the AAC is marginally lower than that of the MMC,

and deteriorates as power factor decreases. This means that an HVDC link

that employs an AAC requires substantial DC filtering to prevent penetra-

tion of the low-frequency harmonics from the converter into the DC side.

• The power quality at the AC side (AC current and voltage waveforms) of

the AAC is marginally lower than that of the MMC. However, the rate of

the deterioration of the AC power quality with power factor is much slower

than that observed in the DC sides. This means smaller AC filters could

be sufficient to meet the harmonic requirements at the point of common

coupling.

• The MMC with a reduced number of cells exhibits lower DC-side power

quality when compared to that with an increased number of cells. This im-

plies that DC filters are necessary to prevent penetration of high-frequency
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harmonics from the converter into the DC link. There is only a slight dif-

ference in AC power quality between two configurations.

• The presented results reveal that in rectification mode, the AAC has higher

losses than the MC-MMC, and the power losses of each converter converge

as active power increases in inverter mode. Among the modular designs,

the FB-MMC and HB-MMC have been found to possess the highest and

lowest losses respectively.

• The semiconductor power loss distributions between the individual switch-

ing devices of the FB cell in MMCs (FB-MMC, MC-MMC) and AACs,

differ even when the operating conditions for both topologies are the same.

The MMC with a reduced number of cells exhibits higher switching losses

compared to an MMC with a higher number of cells. This is on the grounds

that the switching losses will be greatly influenced by the number of IGBTs

to be switched simultaneously during turn-on and turn-off, for a given arm

current.

• A switching loss reduction can be achieved by incorporating state-of-the-art

semiconductors by synthesising a hybrid switch, exploiting the robustness

of Si-IGBTs during the conduction period, and the switching speed and

reduced losses of the SiC-MOSFETs during turn-off operation.

• At rated power in rectification mode, the HB-MMC semiconductor losses

represent 50% of those of the FB-MMC, while in inverter mode they increase

to nearly 60% of those of the FB-MMC.

• In AAC the optimal operating point has to be maintained across the full

range of P-Q capabilities. Any deviation in DC voltage amplitude may

violate the optimal operating point and result in loss of converter control.

• MMC can achieve the full range of P-Q operation for different values of DC

voltage. The HB, MC and FB MMC variants offer full P-Q operation over

different ranges of DC voltage. For each variant appropriate cell capacitor

voltage, DC current, and AC and DC voltage thresholds must be observed

at all times to ensure normal operation.
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Chapter 5

Performance comparison of

state-of-the-art voltage source

converters during transient

operation

5.1 Introduction

This chapter presents an exhaustive study of state-of-the-art HVDC converters,

having a common specification and operating under a range of transient condi-

tions. All converters are subjected to an identical set of test scenarios to enable

a true like-for-like comparison of performance. Converter operation is assessed

to determine true performance advantages and limitations over a wide-range of

operating scenarios. This enables informed selection of the converter topology

most suited to a given application. It provides guidance in the design of innova-

tive converter topologies, such as that presented in Chapter 7, and informs the

development of solutions to converter-specific operating challenges.

Studies of the dynamic and transient performance of the AAC and MMC

topologies, with DC fault blocking capability, are presented. The studies focus

on start-up sequences, operation during unbalanced AC phase-to-ground faults,

reduced DC voltage operation, and pole-to-pole DC faults, including system re-

energisation. Simulation results are used to highlight the capabilities of each

converter topology, and the operating strategies that are required to ensure safe

and stable DC network operation. In multi-terminal HVDC systems, convert-

ers with DC blocking capability are an attractive solution due to their ability

to quickly recover from DC-side faults. The MMC and the AAC are both the

subject of considerable industry and research interest. Both MMC and AAC
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topologies include FB cells which can reverse the cell voltage and therefore block

DC current. Reverse blocking MMCs may be based on two alternative structures

with blocking capability: namely the FB-MMC and the MC-MMC, where the

MC-MMC exhibits better efficiency.

A converter station must be protected from overvoltage stresses in order to

sustain the lifespan of the components, and overcurrent to avoid equipment over-

heating. Moreover, transient phenomena must be supressed in order to secure

robust operation of the AC and DC grids. The full spectrum of transient be-

haviours needs to be observed in order to conclude which topology is more viable

for a given application. A well-designed set of tests, employing accurate time-

domain models is used to evaluate and compare the relative merits and perfor-

mance trade-offs between different converter implementations during the charging

sequence, unbalanced AC faults, and DC faults. The study is conducted using

high-fidelity models developed in Chapter 3 in order to ensure efficient use of

simulation resources, and to reflect realistic attributes that are characteristic of

real-scale projects. Converters are compared using performance indicators such

as cell capacitor voltage ripple, arm current, and DC and AC side voltages and

currents.

5.2 Simulation set-up

Each MMC arm includes a series connection of FB or HB cells which determine

the converter’s characteristics and attributes. Specifically, in the case of the

HB-MMC, the operational modulation index is only positive and, consequently,

there is no DC fault blocking capability. The HB topology ensures that total

semiconductor losses are kept low. If, however, the installed cells are a mixture

of HB and FB cells, the operational modulation index can also be negative,

leading to more flexible operation. Specifically if the ratio of FB to HB cells

exceeds 50% then the converter can block DC faults at the expense of increased

losses, as explained in Chapter 4. Each AAC arm consists of an array of series-

connected FB cells, referred to as a ‘chain-link’, and a series connection of IGBTs

which forms the DS. Due to the FB cells, an AAC can block DC faults whilst

the semiconductor losses are kept relatively low. However, the AAC requires a

DC filter in order to ensure acceptable DC power quality over a wide operating

range.

To verify the operation of the converters and their dedicated controllers, a

point-to-point HVDC network is utilised as shown in Fig. 5.1. The network

consists of two converters in a symmetric monopole configuration which are con-

83



70km DC cable

Converter 1

P controlVdc control

Grid 1 Grid 2

SCL: 10 GVA

Converter 2

SCL: 10 GVA

Figure 5.1: Simulated DC network.

AC grid
TransformerACCB AC-R Converter

DC-R
DC grid

DC-D

Figure 5.2: HVDC converter station equipment.

nected via DC cables (represented using the wideband cable model [91]).

In each test, Converters 1 and 2 in Fig. 5.1 are of the same type in order

to avoid interactions due to mixed converter topologies. Fig. 5.2 represents the

HVDC converter stations shown in Fig. 5.2.

The ACCB is the AC circuit breaker capable of clearing AC faults and dis-

connecting the converter from the AC network. The transformer ensures galvanic

isolation between the DC network and the AC grid whilst matching the AC con-

verter and grid voltages, and sets the converter AC voltage according to the

DC voltage level. Transformer leakage reactance filters current harmonics and

contributes to AC current control. In some cases, the transformer is employed

with the converter controller to adjust the voltage through tap changers to reg-

ulate the circulating currents. The AC-side pre-insertion resistors (AC-R) are

employed during the charging process from the AC side in order to reduce the

inrush currents that affect the converter. Usually they are inserted/bypassed

with the help of a slow mechanical switch. The DC-side resistors (DC-R) have

the same functionality as the AC-side resistors, being responsible for suppressing

inrush currents that originate from the DC grid when the converter is energised

from the DC side. DC-D is a slow mechanical DC disconnector which isolates

the converter from the rest of the DC grid. Its operation is similar to that of the

ACCB but, since it can only be opened when current flowing through it is near

zero, it cannot be used to clear DC faults. Unlike its AC counterpart, this de-

vice must be capable of closing almost simultaneously to avoid voltage unbalance

when the DC cable is already energised.
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5.3 Start-up, charging operation

To ensure smooth and fast energisation, carefully managed start-up schemes are

crucial in multilevel converter based HVDC systems. The start-up procedure for

both MMC and AAC is complicated due to the need to charge distributed cell

capacitors. Fig. 5.3(a) shows the equivalent uncontrolled charging circuit for

MMC and AAC. In order to provide an active current path between the AC and

DC sides, the HB cells must be in their blocking state, as shown in Fig. 5.3(b).

Fig. 5.3(c) shows the equivalent operation of an FB cell required to emulate

the operation of an HB cell. If the FB cells do not emulate the operation of an

HB cell, the DC grid cables are not able to charge, as the converter will block

the current path. Fig. 5.4 shows detailed current paths during the uncontrolled

(a) MMC and AAC

(b) HB-cell (c) FB-cell

Figure 5.3: Equivalent circuits during charging process.

charging mode for HB-MMC, MC-MMC and AAC. The figure shows that for each

converter, the current path between one pair of phases and shows that some cell

capacitors are charged whilst others are bypassed. The uncharged cell capacitors

will be charged according to the current path between another pair of phases. All

cell capacitors will be charged in sequence according to the three-phase supply. In

point-to-point systems such as that shown in Fig. 4.8(a), both converter stations

are energised simultaneously and any transient effects are minimised [92]. This

may not, however, be the case in multi-terminal grids where a converter may need

to be isolated and then reconnected a short time later, whilst the rest of the grid

remains operational. Transient effects may therefore significant. In very weak

grids the AC supply cannot be used to charge the converter, and this instead

must be achieved from the DC grid. The converter that controls the DC voltage
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(a) HB-MMC (b) MC-MMC (c) AAC

Figure 5.4: Current path during uncontrolled charging from the AC side.

must always charge from the AC side: this converter assumes the role of the

master converter which regulates the DC voltage.

5.3.1 MMC

In this section, the MMC start-up sequence is analysed, showing the charging

procedures for MC, HB and FB-MMC topologies. Simulation results showing the

current and voltage waveforms for the point-to-point network where the converter

stations are both MC-MMC converters are presented in Fig. 5.2. The start-up

sequence is described by Fig. 5.5.

In MMC station 1 (Converter Station 1 in Fig. 4.8(a)), the ACCB is closed

at t = 0.1 s connecting the converter with the AC grid whilst the AC-R resistors

are inserted, thereby minimising inrush current as shown in Figs. 5.6(a), 5.6(b)

and 5.6(c). Also at t = 0.1 s, a transient in PLL frequency occurs, as shown

in Fig. 5.6(d). Whilst this transient is compliant with the Grid Code, it may

nonetheless activate protection relays. MMC station 2 (Converter Station 2 in

Fig. 4.8(a)) is not affected as it is completely isolated by the DC-D. At time

t = 0.1 s, MMC 1 enters the uncontrolled charging state, emulating a blocked

MC-MMC where the converter is in a fixed state that allows AC current to charge

the cell capacitors while the DC cables are also charged. As illustrated in Fig.

5.6(e), the capacitors charge simultaneous to the DC voltage increase. It should
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0s

ACCB
closed

AC-R
opened

Cells
releasedDC-D

closed

DC-R
opened

0.1s 0.25s 0.66s

Cells
released

DC-D
closed

ACCB
closed

DC-R
opened

AC-R
opened

1s
1.3s 1.5s

1.6s

MMC station 1

MMC station 2

0.1s

Figure 5.5: MC-MMC start-up sequence timings.

be noted that the DC-D and DC-R are disconnected throughout the AC charging

process. The aforementioned uncontrolled charging state continues until t = 0.6

s when the arm voltage reaches the peak value of the rectified AC voltage, shown

in Fig 5.6(f). Figs. 5.6(g), 5.6(e) and 5.6(h) show that the DC voltage, the cell

capacitor voltages, and the arm voltage follow the same profile.

At t= 0.7 s the converter average switching frequency shows a distinct increase

due to the rate of change of the cell voltages. This is the result of the controlled

capacitor voltage balancing process, which attempts to track a voltage reference

equal to the average value of capacitor voltage. This does not have any actual

effect on the cell voltage as the cells are in the blocked/charging mode.

When the total cell capacitor voltage is equal to the RMS AC voltage, the cells

are unblocked and enter the normal controlled operating mode. It is necessary

that the AC-R are disconnected after the cells are unblocked in order to absorb

any inrush currents due to unblocking of a large number of cells. As a result, the

cells are unblocked at t = 0.6 s without any noticeable effect.

At t = 0.65 s the AC-R are disconnected. This is characterised by the mild

AC current inrush due to the voltage recovery resulting from the removal of the

connected resistors, as shown in Fig. 5.6(a). Also at this time, MMC station 1

establishes the DC network voltage, which increases to its nominal value. The

ramp rate of the DC voltage controller reference affects two things. Firstly the

switching frequency increases, which may increase the energy dissipation and thus
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(a) AC current (b) Arm currents (c) DC current

(d) PLL frequency (e) HB and FB cell voltages (f) AC voltage

(g) DC voltage (h) Arm voltages (i) Av. switching frequency

Figure 5.6: MC-MMC station 1 charging sequence.

the temperature of the IGBTs, and secondly any rapid increase of the cell voltage

will trigger second stage inrush currents in the capacitors, as illustrated in the

AC currents of Fig. 5.6(a) and the arm currents of Fig. 5.6(b). Although these

voltage and current transients can be tolerated by the converter, the switching

operation may cause undesirable semiconductor stresses. This may be avoided

by increasing the slope of the DC voltage reference ramp, and tuning the DC

controller to give increased settling time.

At t = 1 s, where nominal DC voltage is achieved, the MMC station 2 DC-D

closes. As a result a high inrush current will flow through the DC link which will

charge the MMC2 cells from the DC side. The DC inrush current will be limited

by the MMC station 2 DC-R. Due to the high rate of change of current, a voltage

drop occurs in the DC link; hence, the converter switching frequency momentarily

increases, as shown in Fig. 5.6(i). Furthermore, when the DC voltage achieves

its nominal value, the MMC station 2 DC-D closes allowing MMC2 to connect

to the DC network.
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(a) DC voltage (b) Av. switching frequency (c) PLL frequency

(d) HB and FB cell voltages (e) Arm voltages (f) AC voltage

(g) AC current (h) DC current (i) Arm currents

Figure 5.7: MC-MMC station 2 charging sequence.

The DC-side charging procedure commences, as shown in Fig. 5.7, and the

uncontrolled charging period of MMC2 starts, as shown in Fig. 5.7(a). Just after

t = =1 s, MMC1 switching frequency reduces, as the average capacitor voltage is

within its tolerance band and the CBA is no longer saturated, as shown in Fig.

5.7(b) in the interval 1 < t < 1.4 s. At t = 1.3 s the ACCB of MMC 2 closes

enabling synchronisation of the converter with the AC grid, which leads to a high

rate of change of frequency, seen at t = =1.5 s in Fig. 5.7(c), which may be

detected by external relays. Meanwhile the MMC 2 cell capacitors charge, shown

in Fig. 5.7(d), but do not achieve their nominal voltage due to the voltage drop

across the DC insertion resistors, DC-R. Cells in MMC 2 are unblocked during

the whole charging process in order to avoid any insertion/bypass transients.

The effect on the arm voltages of connection to the AC grid can be observed

in Fig. 5.7(e), where at that moment the converter controller takes its reference

from the AC grid, shown in Fig. 5.7(f), and regulates the arm voltage according

to the AC voltage. Again due to the AC-R, the AC current is limited as shown in
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Fig. 5.7(g). The AC-R are disconnected at t = 1.5 s, affecting only the switching

frequency of MMC 2 due to fast internal relocation of the converter currents.

At t = 1.6 s the DC-R are disconnected, leading to a mild DC current over-

shoot due to the sudden DC voltage increase, shown in 5.7(h). At that point,

DC network impedance returns to its nominal value, enabling the controllers to

operate normally and to remove DC and cell capacitor voltage oscillations, as

shown in Figs. 5.7(d) and 5.6(e). At this stage the switching frequencies of both

converters are increased in order to readjust the rapid change of voltage. At t =

1.8 s the cell capacitor voltages in both converters are at their nominal values,

DC voltage is set without any undesirable oscillation, and all residual currents are

zero. As a result, at t = 2 s the power reference is now set to its nominal value,

and at t = 2.4 s the AC and DC voltages and currents in both converters operate

at their desired values. It should be noted that the capacitor voltages in both HB

and FB cells charge simultaneously, while the total steady-state capacitor voltage

in each arm is half of VDC (approximately 320 kV) as the MC-MMC arm consists

of equal numbers of HB and FB cells. The start-up sequences for the rest of the

MMC variants (HB, FB) are alike when identical timings are used.

5.3.2 AAC

The following start-up sequence is proposed for the AAC is described by Fig.

5.8. The ACCB is closed at t = 0.05 s and, similar to the MMC, the AAC 1 is

connected to the AC grid with the AC-R active. AAC 2 is completely isolated

from the DC network through the DC-D. The converter operates in uncontrolled

charging mode until the DC voltage is equal to the AC RMS line-to-line voltage,

as shown in Figs. 5.9(a) and 5.9(b). However due to the fact that in AAC, the

chain-link voltage rating is chosen to support only a portion of the DC voltage,

shown in Fig. 5.9(c), the capacitor voltages are charged to this voltage. This is

shown in Fig. 5.9(a) where the DC voltage reaches 500 kV at approximately t =

0.5 s, while the capacitor voltages have a similar profile but the voltage magnitude

is less, as shown in Fig. 5.9(d). At t = 0.65 s the AC-R are disconnected, resulting

in mild inrush current, shown in Figs. 5.9(e) and 5.9(f). At t = 0.85 s the DC

voltage starts to ramp up to its nominal value, which is reached at t = 1 s.

Additionally, at t = 1 s the DC-R are disconnected.

Additionally at the beginning of the uncontrolled charging sequence, the cur-

rent phase may shift significantly due to the inrush currents resulting from the

series cell capacitors. This leads to a mismatch between the calculated overlap

time for the DS and the time required for the stored energy in the arm inductors

to be exchanged between the upper and the lower converter arms. Due to the en-

90



0s

ACCB
closed

AC-R
opened

Cells
released

DC-D
closed

DC-R
opened

0.05s 0.66s 1s

Cells
released

DC-D
closed

ACCB
closed

DC-R
opened

AC-R
opened

1.3s
1.4s 1.5s 1.56s

1.9s

AAC station 1

AAC station 2

Figure 5.8: AAC start-up sequence timings.

ergy stored in these inductors, high overvoltage occurs during DS overlap, shown

in Fig. 5.9(h). Two solutions to this issue are applied. Firstly, an appropriately

sized RC snubber is employed for the DS, which absorbs the fast energy exchange

from the arm inductors. Secondly, a surge arrester is employed across the DS, for

protection against overvoltages during IGBT commutation when the current is

high. As the AAC cm current profile is different to that for an MMC, overcurrent

or overvoltage must be limited at valve level. Throughout the charging process

of AAC1 the short duration and limited deviation in switching frequency before

achieving its final value, shown in Fig. 5.9(i), will not significantly thermally

stress the semiconductors. With regard to AAC station 2, the DC-D closes at t

= 1.4 s with the DC-R employed and the ACCB open, whilst the cells are en-

abled at t = 1.3 s. Due to the sudden connection of the DC voltage to AAC2,

shown in Fig. 5.10(a), a high inrush DC current appears but does not exceed the

nominal value, as shown in Fig. 5.10(b). At t = 1.5 s the ACCB of AAC station

2 closes, enabling converter synchronisation with the AC grid, shown in 5.10(c).

A small AC inrush current flows and is limited by the AC-R as illustrated in

Fig. 5.10(d). At this point, the chain-link and DS voltage controllers take their

references from the AC voltages and the current controller is fully operational,

as shown in Figs. 5.10(e) and 5.10(f). Due to the inrush current, the capacitor

voltages are rearranged through the capacitor balancing algorithm leading to the

increased switching frequency observed in Fig. 5.10(g). At t = 1.8 s the DC-R
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(a) DC voltage (b) AC voltage (c) Chain-link voltages

(d) FB cell voltages (e) AC current (f) Arm currents

(g) DC current (h) DS voltages (i) Av. switching frequency

(j) PLL frequency

Figure 5.9: AAC station 1 charging sequence.

are bypassed resulting in further inrush current due to the resulting voltage in-

crease, as illustrated by the arm currents in Fig. 5.10(h). Lastly the AC-R are

disconnected at t = 1.9 s without any noticeable effect as the controller operates

as required and the voltages are at their nominal values. The converter increases

power to its nominal value at t = 2 s, with a natural under-voltage on the DC link

and a disturbance in the PLL frequencies as shown in Fig. 5.10(i). The capacitor

voltages are fully balanced around the desired value, shown in Fig. 5.10(j).

In conclusion, the AAC has a slightly different start-up sequence when com-

pared to the MMC. The appearance of overcurrent in the arms during overlap
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(a) DC voltage (b) DC current (c) AC voltage

(d) AC current (e) Chain-link voltages (f) DS voltages

(g) Av. switching frequency (h) Arm currents (i) PLL frequency

(j) FB cell voltages

Figure 5.10: AAC station 2 charging sequence.

periods make necessary the employment of the DC-R even during the AC charge-

up sequence. As a result a smooth start-up sequence is achieved for the AAC.

5.4 DC pole-to-pole fault

This section presents a simulation study for a DC pole-to-pole fault at the middle

of the DC cables (70 km from each converter). The case study will demonstrate

the DC fault reverse blocking and controlled recovery capabilities of the MMC and

AAC as they act to protect the symmetrical monopole DC link, whilst keeping
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SCL: 10 GVA

Figure 5.11: Test network for DC pole-to-pole fault.
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Cline

Rfault
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Figure 5.12: DC fault stage one. DC filter and line capacitance discharge.

the current and voltage stresses on the converter stations within tolerable limits.

The DC link of Fig. 5.11 is subjected to an illustrative temporary pole-to-pole

DC fault with 5ms duration at t = 1 s.

5.4.1 DC pole-to-pole fault analysis

The DC pole-to-pole fault can be characterised in three stages for any multilevel

converter. The first stage is illustrated in Fig. 5.12 and can be described as a

capacitor (DC filter) discharge. During this stage, the line and DC capacitances

are discharged in the short-circuit connection between the two poles. The line

capacitance value is dependent on the type of the line (i.e. overhead lines or

underground cables) while the DC filter capacitance depends on the type on the

converter. An AAC converter may have increased DC capacitance, while in MMC

the DC capacitance exists mainly to provide a ground reference for measurement

purposes. The fault current is given by

IDCfault = CDCeq
dVDC
dt

(5.1)

This can be rearranged as (5.2) which shows that the rate of change of the DC

voltage dVDC
dt

is dependent upon the fault resistance Rfault and the installed ca-

pacitance on the DC side CDCeq = CDC + Cline.

dVDC
dt

=
VDC

−Rfault · CDCeq
(5.2)
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The second stage can be described as cell capacitor discharge through the fault, il-

lustrated in Fig. 5.13. As soon as the DC voltage is lower than the cm voltage the

fault current starts to circulate through the converter arms. As a result the arm

cell capacitors discharge into the fault, whilst the ‘block’ command has not yet

been issued by the control system. Furthermore, due to the DC voltage collapse,

the AC side of the converter feeds the fault with high currents through the con-

verter arms. Hence, even if the converter is able to execute the switching patterns

through the IGBTs, the controllability of the converter has been lost, resulting

in uncontrollable DC voltage, and active and reactive power. During normal op-

eration, approximately 50% of the cells are inserted, hence N cells (equivalent to

one arm) contribute to the fault. The equivalent arm phase capacitance for the

MMC CMMCeq is

CMMCeq =
Ccell
N

(5.3)

with each phase contributing to the fault current as follows:

ifault−j = −Ccell
N

d(vj,u − vj,l)
dt

(5.4)

During the third and final fault stage, shown in Fig. 5.14, a protection signal is

enabled which allows the cells to block the fault current.

The converters then operate as uncontrolled diode-rectifiers. A new steady-

state operating point is achieved, with the arm voltages collapsed whilst the AC

side contributes to the fault. At this stage the maximum DC fault current is

calculated as:

IDCfault =
3

2
· vj

LAC + Larm
2

(5.5)

When the converter blocks the DC fault current, the equivalent circuit is as shown

in Fig. 5.15.

The DC mid-point of the converter is isolated from the AC side through high

impedance grounding. As a result the DC fault current does not have a direct

path to the AC side.

CDC Cline

Cline

Cline

Cline

Rfault

CDC

CDC

CDC

Carmeq Carmeq

Figure 5.13: DC fault stage two. Arm capacitors discharge.
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CDC Cline

Cline
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Rfault

CDC

CDC
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CMMCeq

Figure 5.14: DC fault stage three. AC feed through diode rectifier.

CDC Cline

ClineCDC

Figure 5.15: DC fault stage three, DC fault blocking.

5.4.2 MMC

This section focuses on the DC pole-to-pole fault blocking performance of MMC.

This is illustrated through detailed examination of the HB, MC and FB MMC

variants.

HB-MMC

The structure of HB-MMC means that it offers no DC fault blocking capability.

Fig. 5.16 shows HB-MMC operation during a DC pole-to-pole fault. As it can

be observed, the moment that the fault occurs at t = 1 s, the DC current in Fig.

5.16(a) increases rapidly due to stage one and two capacitor discharge, while the

DC and arm voltages collapses as shown in Figs. 5.16(b) and 5.16(c). The fault

is detected through the arm currents, shown in Fig. 5.16(d), and the converter

is blocked and operates similar to a diode rectifier, maintaining the constant cell

capacitor voltage, as shown in Fig. 5.16(e). In order to protect the diodes during

stage three of the DC fault, the thyristors which are connected across each cell

to provide protection are activated to conduct the high-magnitude DC current.

The DC current is sustained in a high value through the AC currents feed, as

shown in Fig. 5.16(f). In reality the ACCB will operate after 3 cycles in order to

prevent the AC current from feeding into the DC fault.
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MC-MMC

In the case of an MC-MMC the converters detect overcurrent through arm cur-

rent measurement and enable the ‘block’ command in order to switch off all the

semiconductors in the converter cells. The arm voltages provide the required

reverse voltage to block the DC fault, as shown in Fig. 5.17(a). At the instant

the DC fault occurs, the current rises approximately to 3.5 p.u., shown in Fig.

5.17(e), whilst the DC voltage collapses to zero, as shown in Figs. 5.17(b). The

capacitor voltages are locked in the blocked state, with minimum decay through

parallel-connected bleed resistors, shown in 5.17(c). The arm currents shown in

Fig. 5.17(d) experience a fault current which is within the limits of what can be

tolerated by the IGBTs. After a time interval of 100 ms, the converter attempts

to recommence operation by detecting whether or not the fault has been cleared.

The method of detecting whether or not the fault is permanent is by operating

the FB cell as an HB cell (Fig. 5.3(c)) as is also done during the start-up se-

quence. By employing this method, the DC current and voltage are measured.

(a) DC current (b) DC voltage (c) Arm voltages

(d) Arm currents (e) Cell voltages (f) AC currents

(g) AC voltages

Figure 5.16: HB-MMC during a DC pole-to-pole fault.
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During temporary unblocking of the cells, if DC current increases whilst the DC

(a) Arm voltages (b) DC voltages (c) HB and FB cell voltages

(d) Arm currents (e) DC currents (f) AC currents

(g) AC voltages

Figure 5.17: MC-MMC during a DC pole-to-pole fault.

voltage remains below 0.1 p.u. then this indicates that the DC fault still exists.

However a DC voltage increase indicates that the fault is cleared and it is safe to

recommence converter operation. An arbitrary check at t = 1.1 s shows that DC

voltage has reached 80% of its nominal value, as depicted in Fig. 5.17(b), and

that the fault is cleared. Inrush current can be observed in the currents shown

in Figs. 5.17(d) and 5.17(f). After a time delay of 50 ms, the converter cells

are fully unblocked, and the DC link assumes its nominal voltage. A high inrush

current flows to charge the capacitors back to the nominal voltage. Following

this, the DC and capacitor voltages are correctly set. As a result, at t = 1.5 s

the controller begins to ramp power, meaning that the time between the fault

and recommencement of full operation is less than 1 s. This simulation shows

that MC-MMC is capable of DC fault blocking and can recover normal operation

whilst the AC voltage is not affected as shown in Fig. 5.17(g).
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FB-MMC

Fig. 5.18 illustrates the DC pole-to-pole fault performance of an FB-MMC, and

shows that it is very similar to that of an MC-MMC. The main difference between

these two MMC variants is the stress that the cell capacitors experience. In the

MC-MMC the HB cells are blocked at a constant voltage, as shown in Fig. 5.17(c).

However, in extreme cases such as rectifier mode, the FB cells are ‘locked’ at a

new higher voltage. The worst case overvoltage happens during rectifier mode, as

shown in Fig. 5.17. The overvoltage is increased by increasing the blocking delay

in both stations. However, the cell IGBTs can withstand this overvoltage as they

are operated well within their ratings. With the FB-MMC, the cell capacitor

voltage overshoot is smaller, as shown in Fig. 5.18(a), as there are more cells

to absorb the fault faster. As with the MC-MMC system described previously,

fault status is checked at t = 1.1 s. During this process the capacitors overcharge

slightly, illustrated by the cell capacitor voltage increase shown in Fig. 5.18(a).

(a) Cell voltages (b) DC voltage (c) DC current

(d) Arm currents (e) Arm voltages (f) AC currents

(g) AC voltages

Figure 5.18: FB-MMC during a DC pole-to-pole fault.
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5.4.3 AAC

This section focuses on the DC pole-to-pole fault block performance of an AAC,

shown in Fig. 5.19. The AAC detects the fault current through an overcurrent

measurement. AAC fault current is higher than that of an MMC due to the dis-

charge of the DC capacitor filter and the reduced combined inductance installed

in the arms and the DC filter. DC fault current therefore reaches 15 p.u., as

shown in Fig. 5.19(a). At the same instant, the DC voltage collapses, as shown

in Fig. 5.19(b). The blocking command is issued to the chain-link, and the DS

are commanded to remain in the constantly conducting state, as illustrated by

the DS voltages in Figs. 5.19(c) and 5.19(d) which drop to zero. The reverse

DC voltage across the chain-link is sufficient to block the DC link and therefore

to block the fault. At t = 0.51 s, the fault is cleared and the converter enters

into STATCOM mode, where AC current is supported as shown in Figs. 5.19(e)

and 5.19(f). At t = 0.55 s the converter attempts to re-energise the DC link, as

illustrated in Fig. 5.19(b). At approximately t = 0.76 s the DC voltage is settled

at its nominal value, and at t = 0.8 s the power is ramping towards to its nominal

value. The small DC voltage perturbation observed beyond t = 0.8 s is due to the

power ramp. The cell capacitors experience an overvoltage when the converter

transits to STATCOM operation and an undervoltage when restart operation is

attempted, as shown in Fig. 5.19(g).

5.4.4 MC-MMC fault current control capability for re-

duction of DCCB requirements.

In previous cases the blocking functionality of various converter topologies during

a DC pole-to-pole fault was illustrated. Even if it is possible and feasible to use

these converters to isolate and clear DC faults, it is not the best solution for

meshed grids due to the inherent interruption of power flow. As a result, DC cir-

cuit breakers (DCCB) are considered to be a more promising solution for isolating

faulted sections of a network. However, state-of-the-art DCCB technology does

not allow a cost-efficient solution as the cost and the size of such DC breakers

are similar to those for one converter station [43]. Moreover, the speed of inter-

rupting DC currents is limited regardless the DCCB technology. Additionally,

a DCCB station has to be upgraded whenever the DC grid is expanded, as the

DC current fault levels increase according to the energy stored in the converters

and lines. A solution to delay the rise in fault current is to install high value

DC inductors. However, to introduce an effective time delay requires excessively

large inductors, which are impractical and which may also interfere with control
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(a) DC current (b) DC voltage (c) AAC2 chain-link voltages

(d) AAC2 DS voltages (e) AAC2 arm currents (f) AAC2 AC currents

(g) AAC2 cell voltages (h) AAC2 AC voltages

Figure 5.19: AAC during a DC pole-to-pole fault.
This simulation shows that AAC is capable of DC fault blocking and can recover
normal operation whilst the AC voltage is not affected as shown in Fig. 5.19(h).

system dynamics, as mentioned in Chapter 2.

A proposed solution therefore is to control the fault current trajectory through

the application of a reverse polarity voltage, achieved by appropriate connection

of a few FB cells in an MC-MMC. An MC-MMC with a small portion of FB

cells, in the range of 15 to 25% of the total arm cells, could reverse briefly a small

portion of the DC voltage and limit the fault current trajectory in such a way as

to increase the time available for DCCB operation. This would be at the expense

of the fault blocking capability offered by a conventional MC-MMC.

Even with the inclusion of only a small portion of FB cells (15 to 25%), many

of the benefits of the MC-MMC are still available. For example, the efficiency

of the converter remains high, while it benefits from a flexible modulation index

which can be further exploited for expanding the P-Q capabilities for reduced DC

voltage operation as shown in Chapter 4.

The following case studies compare the DC fault current profiling performance
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(a) DC fault current time window 160ms (b) DC fault current time window 16ms

(c) DC fault current time window 4ms

Figure 5.20: DC fault current analysis based on the cases detailed in Table 5.1.

of the proposed MC-MMC arrangement with that of an HB-MMC. The investi-

gation also considers different proportions of FB cells in the MC-MMC and the

inclusion of relative high value of DC inductors. A case study is also included

to illustrate the internal protection of the FB cells in MC-MMC. The specific set

of illustrative studies is detailed in Table 5.1. Fig. 5.20 shows the results of the

eight case studies of Table 5.1. for a variety of time windows. Cases C2 and C3

show that the inclusion of DC inductance reduces the initial current overshoot.

Table 5.1: Cases for DC fault current trajectory.

Case study Description
C1 HB-MMC
C2 HB-MMC with 100mH DC inductances
C3 HB-MMC with 200mH DC inductances
C4 MC-MMC with 15% FB cells
C5 MC-MMC with 25% FB cells
C6 MC-MMC with 15% FB cells and 100mH DC inductances
C7 MC-MMC with 25% FB cells and 100mH DC inductances
C8 C7 with enabling cell Thyristors
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However, the fault currents for cases C4 and C5 increase to values of 4 and 4.2

p.u. respectively within 1ms of fault initiation, as shown in Figs. 5.20(b) and

5.20(b). This is insufficient time for successful DCCB operation and would result

in system breakdown. Cases C4 and C5 for the proposed MC-MMC with 15%

and 25% FB cells, shows a high initial current overshoot. This indicates that,

on its own, the proposed MC-MMC method does not offer advantage over the

method that uses DC reactors during the initial development of the DC fault.

Cases C6 and C7 combine the MC-MMC and DC reactor approaches. Cases C6

and C7 with 15% and 25% FB cells respectively, and 100 mH inductance shows

significant fault current overshoot. However Case C7 with 25% FB cells and

100mH inductance shows the DC fault current is significantly reduced, having an

amplitude of only 1.5p.u. 5ms after fault initiation. In both cases C6 and C7,

DC fault current rate of change and magnitude is significantly reduced.

– C2 and C3, initial overshoot suppression, later full development of DC fault

current.

– C4 and C5, has increased initial overshoot and reduced DC fault current

development.

– C6 and C7 have reduced initial overshoot and reduced DC fault current

development.

In the proposed MC-MMC topology the full DC voltage must be supported

by the small number (15%-25%) FB cells. The effects of this are presented in Fig.

5.21. As the fault current continues to flow, the FB cell capacitors continue to

charge, leading to voltage increase and potential insulation damage, as show in

Fig. 5.21(a). To protect the FB cells from overcharging a thyristor can be used

(a) Cell voltages without bypassing (b) Cell voltages with bypassing

Figure 5.21: The effect of constant implementation of FB cells into DC fault and
bypassing.
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(a) FB cell (b) HB cell

Figure 5.22: Cell topologies with bypass thyristors.

to bypass the cell when cell capacitor voltage exceeds a predetermined threshold,

as shown in Fig. 5.22(a). This arrangement is commonly seen in FB cells, as

shown in Fig. 5.22(a). The effect of this protection mechanism on the converter

is shown in Fig. 5.21(b), which illustrates the significant reduction in voltage

across the FB cells. The external consequence, i.e. the effect on DC fault current

profile, is shown in case C8 in Fig. 5.20. In case C8, which is the same as case

C7 but incorporating the thyristor protection strategy, fault current remains at

1 p.u. for approximately 11.5 ms following fault initiation. At approximately

11.5 ms the cell voltage reaches the threshold required to trigger the Thyristor

protection mechanism and fault current increases towards its natural final value.

However the 11.5 ms prior to this is more than the double the time required

for successful DCCB operation. As a result, the proposed solution of MC-MMC

with a small proportion of FB cells and DC reactors relaxes the challenging design

requirements for future DCCB, and therefore DCCB size and cost.

5.5 DC pole-to-ground fault

This section presents a simulation study for a DC positive pole-to-ground fault at

the midpoint of the DC cables (70 km from each converter). The purpose of this

study is to assess the DC pole-to-ground fault ride through (FRT) capability of

the MMC and the AAC. In comparison with the DC pole-to-pole fault, the nature

of the pole-to-ground fault is significantly different and poses a risk to both the

transformer and the conductor insulation. The ability of each converter control

action to protect the transformer whilst also maintaining current and voltages

stresses on the converter stations within tolerable limits will be assessed. In the

case that this protection is successful and the converters continue operating under

fault, the ability of each converter to continue to transfer power during the fault

will be also investigated. The system under test is illustrated in Fig. 5.23 and is

subjected to a permanent pole-to-ground DC fault at t = 1 s.
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140km DC cable

Converter 1

P controlVdc control

Grid 1 Grid 2

SCL: 10 GVA

Converter 2

SCL: 10 GVA

Figure 5.23: Test network for DC pole-to-ground fault.

DC pole-to-ground fault analysis

In multilevel converters, a pole-to-ground DC fault can be categorised in two

stages. The first stage is illustrated in Fig. 5.24 and can be described as capacitor

(DC filter) discharge. During this first stage, the line and DC capacitances are

discharged in the short-circuit connection between the ground points. The second

CDC Cline

Cline

Cline

Cline

Rfault

CDC

CDC

CDC

Figure 5.24: DC pole-to-ground fault stage one, DC capacitor discharge.

stage creates a short circuit connection between the grounds of the DC and AC

sides, as illustrated in Fig. 5.25. This occurs regardless of the type of grounding

CDC Cline

ClineCDC

RfaultRtrans

Figure 5.25: DC pole-to-ground fault stage two, permanent connection through
ground points.

that is installed on the converter station transformer [93]. The steady-state fault

current IDCptg−fault is determined by the transformer’s impedance Rtrans and the

fault resistance Rfault.

IDCptg−fault = 0.5
VDC

Rfault +Rtrans

(5.6)
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Since Rfault < Rtrans the voltage collapses at the faulty pole, whilst the healthy

pole sustains VDC .

MMC

This section focuses on the DC pole-to-ground fault FRT ability of MMC. This is

illustrated through detailed examination of the HB, MC and FB MMC variants.

HB-MMC

Fig. 5.26 shows the operation of an HB-MMC which does not have any over-

modulation capability to support a pole-to-ground DC fault. As shown in Fig.

5.26(a), the moment that the fault occurs at t = 1 s, the DC current increases

rapidly and then collapses. This results in zero power transfer as shown in AC

and arm currents in Figs 5.26(b) and 5.26(c) respectively. The faulty-pole voltage

also collapses to zero while the healthy pole tries to sustain VDC , illustrated in

Fig. 5.26(d). Due to the short-circuit path between the grounded fault and the

(a) DC current (b) Converter AC current (c) Arm currents

(d) DC voltage (e) Converter AC voltage (f) Arm voltages

(g) Cell capacitor voltages

Figure 5.26: HB-MMC pole-to-ground fault.
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grounding on the converter side of the transformer, as shown Fig. 5.25, the AC

converter voltage shown in Fig. 5.26(e) has a DC offset which exceeds the nom-

inal insulation breakdown voltage. During the fault the arm and cell capacitor

voltages are not affected, as shown in Figs. 5.26(f) and 5.26(g) respectively.

The conventional solution for pole-to-ground faults in HB-MMC is to block

the converter and interrupt the connection with the AC grid through the ACCB.

Then, the fault current can be extinguished and the overvoltage can be eliminated.

The converter is therefore protected but, due to its blocking action, active and

reactive power flow to and from the AC grid is interrupted.

MC-MMC

Fig. 5.27 illustrates the simulation results of an MC-MMC with 50% FB and 50%

HB cells. The moment that the pole-to-ground fault occurs the voltage at the

faulted pole collapses to zero as can been seen in Fig. 5.27(a). At the exact same

instant the DC voltage reference applied in the DC voltage controller is set to 0.5

(a) DC voltages (b) Arm voltages (c) HB cell capacitor voltages

(d) FB cell capacitor voltages (e) Converter AC voltages (f) Converter AC currents

(g) DC current (h) Arm currents

Figure 5.27: MC-MMC pole-to-ground fault.
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p.u. The DC offset component of the modulation index reference, as described

in Chapter 3, applied to the faulty arm also reduced by 0.5 p.u. Following this

control action VDC
2

is supported across both MC-MMC arms. This is illustrated

in Figs. 5.27(b) where the converter arm connected to the healthy pole operates

normally, i.e. as it did before the fault occurred, and the arm connected to the

faulty pole produces a mixture of positive and negative voltages and is over-

modulated. It is also evident from Figs. 5.27(c) and 5.27(d) that the CBA is able

to distinguish between HB and FB cells and balances the capacitor voltages.

This control action protects the transformer and conductor insulation, and the

converter is able to continue operating. The target of supporting the converter

side AC voltage is achieved and the AC voltage spike, which is actually a DC

voltage offset, is extinguished, as illustrated in Fig. 5.27(e). Because the converter

continues to operate it is able to transfer power, albeit at reduced DC voltage

level. To transfer the same amount of pre-fault power, the DC current has to be

increased accordingly. Two power reference sets are applied at t = 1.4 s and t =

1.8 s. In both cases power is transferred in response to these demands, as shown

by the AC and DC currents in Figs. 5.27(f) and 5.27(g) respectively. The amount

of power that can actually be transferred is however limited by the current ratings

of the cables, as illustrated in Fig 5.27(g), which shows that DC current flow is

has returned to its nominal value. The current in the ‘healthy’ arm is increased

in comparison to that in the ‘faulty’ arm and makes a correspondingly larger

contribution to the active power, as shown in Fig. 5.27(h). The DC current and

voltage have increased ripple and high frequency components. However in view

of the reduced DC voltage amplitude these should not pose any risk to either

insulation or thermal limits of the cables. This simulation study shows that the

MC-MMC with 50% FB cells and 50% HB cells can survive a DC pole-to-ground

fault whilst continuing power transfer.

FB-MMC

Simulation results for an FB-MMC subjected to a DC pole-to-ground fault are

shown in Fig. 5.28. These results show that operation of the FB-MMC is very

similar to that of an MC-MMC, and that it is also to survive the fault whilst

continuing transfer power. Whilst it may be considered the FB-MMC could offer

advantage during a fault due to its capability to generate full negative DC voltage,

this attribute becomes redundant during a DC pole-to-ground fault since the DC

voltage is controlled to be 0.5 p.u.
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(a) DC voltage (b) Arm voltages (c) FB cell capacitor voltages

(d) Converter AC voltages (e) Converter AC currents (f) DC current

(g) Arm currents

Figure 5.28: FB-MMC pole-to-ground fault.

AAC

During a DC pole-to-ground fault, the AAC is over-modulated, in a similar man-

ner to the MC-MMC, as the converter tries to support the AC voltage, as shown

in Fig. 5.29(a). The AAC is unable to achieve 0.5 p.u. of DC voltage operation

as its modulation index range is limited as explained in Chapter 4. Therefore

when the voltage collapses at the faulted pole, the healthy pole has to sustain the

full VDC , as illustrated in Fig. 5.29(b), resulting in instantaneous collapse of the

cable insulation. Additionally, in order to operate the arm in over-modulation

mode, due to the internal operation of the AAC, the chain-link voltages shown

in Fig. 5.29(c) must exceed the nominal value. This also results in increased cell

capacitor voltage as shown in 5.29(d). Furthermore the DS voltages exceed their

nominal value and exceed their insulation levels, as shown in Fig. 5.29(e). A high

magnitude DC current is developed due to the DC filter discharge, as shown in

5.29(f). The arm and AC currents drop to zero resulting in zero power exchange,

as shown in Figs. 5.29(g) and 5.29(h) respectively. As a result, in contrast to
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the MC and FB-MMC which are both capable of DC pole-to-ground FRT, the

AAC achieves an unstable condition and is unable to achieve pole-to-ground FRT

without damaging the internal insulation.

(a) Converter AC voltages (b) DC voltage (c) Chain-link voltages

(d) FB cell capacitor voltages (e) DS voltages (f) DC current

(g) Arm currents (h) Converter AC currents

Figure 5.29: AAC pole-to-ground fault.

5.6 Unbalanced AC faults

HVDC converters are likely to experience unbalanced conditions due to AC phase-

to-ground or AC phase-to-phase faults. It has been proven that it is possible to

comply with the Grid Code regarding FRT by employing control systems which

make it possible to keep the converter connected for a long period during unbal-

anced AC faults without tripping. Multiple solutions have been proposed [94, 95],

but many include multiple control loops hence they are over-complicated. The

controller that is used in this thesis is simpler and can suppress the 2nd order

current harmonics under all operation conditions. The focus of this section, there-

fore, is to achieve FRT using a very simple control technique and to demonstrate
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the effects of the unbalanced fault and the consequent controller action on the

rest of the DC network.

A simulation study of MMCs and AACs converters under unbalanced AC

operation is presented. In this study the objective is to control the converter

AC currents. In both cases, this is achieved using a simple double-frame current

controller which injects positive sequence currents and sets the negative sequence

currents to zero, as described in Chapter 3. In the case of MMC, the excessive

distortion at a frequency of 2ω that appears on the cm currents during unbalanced

operation is easily suppressed by a PR (proportional resonant) controller tuned

to twice the fundamental frequency.

In order to observe the functionality of the converters and their dedicated

controllers, a case study are tested as shown in Fig. 5.30. In this case study, a

severe single AC phase-to-ground fault occurs between phase a and ground, at t =

1 s and lasting for 0.4 s, with Rfault = 0.1 Ω. The applied fault is considered to be

the worst-case scenario as it occurs on the grid side of the converter controlling

VDC , without any cable impedance to limit fault current. Due to the power

exchange imbalance between the AC and DC sides, the DC voltage will affect the

DC current by increasing or decreasing according to the direction of power flow,

as shown in Fig. 5.31. In the case of inverter mode the DC voltage exceed the

rated values jeopardising the insulation, while in inverter mode the DC voltage

is reduced to the rectification voltage (see Chapter 3), and during recovering the

DC current exceed the overload operation for a considerable amount of time.

140km DC cable

Converter 1

P control Vdc control

Grid 1 Grid 2

SCL: 10 GVA

Converter 2

SCL: 10 GVA

Figure 5.30: Test network for AC unbalanced operation.

To avoid this, the power reference must be reduced, to maintain the power

equilibrium between the AC and DC sides. It is assumed that the master con-

troller communicates with both converter stations and that it will set appropriate

power references. Alternatively, in all cases, a DC chopper may be employed to

absorb excess power resulting from DC voltage increase. However the DC chop-

per adds to the capital cost, and in the case of an offshore platform the real estate

cost increases dramatically.
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(a) AC grid RMS voltages (b) DC voltages (c) DC currents

(d) AC grid RMS voltages (e) DC voltage (f) DC currents

Figure 5.31: AC unbalanced operation on VDC controlled MMC without power
reduction during inverter (upper row) and rectifier (lower row) mode.

5.6.1 MMC

During unbalanced operation an MMC does not need to operate in over-modulation

mode. The behaviours of the HB, MC and FB variants of the MMC are therefore

identical. The simulation results presented are therefore based on HB-MMC. The

reduction in power resulting from the AC fault in indicated by the reduction in

the DC and AC currents in the healthy converter, as shown in Fig. 5.32(a) and

5.32(b). The DC voltage is also affected, exhibiting some small-amplitude oscilla-

tion, shown in Fig. 5.32(c). In the healthy converter, the capacitor voltage ripple

is of low magnitude as the capacitors experience lower current, shown in Fig.

5.32(d). With regards to the ‘faulted’ converter, the faulted phase is indicated

by the significant drop in grid phase voltage, as shown in 5.32(e). Although the

three-phase voltages at the grid side are severely unbalanced, the simple double-

frame controller provides effective support and maintenance of the AC currents by

keeping the negative-sequence components to zero and balance the converter AC

currents, as shown in Fig. 5.32(f). Furthermore, the PR controller ensures that

the magnitudes of the circulating second-order harmonic currents are suppressed

and do not penetrate the DC current. The overall strategy achieves AC current

control with minimal DC current and voltage oscillations and with low capacitor

voltage ripple, as shown in Figs. 5.32(a), 5.32(c) and 5.32(g) respectively.
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(a) DC currents (b) ’Healthy’ converter AC
currents

(c) DC voltages

(d) ’Healthy’ cell capacitor
voltages

(e) ’Faulty’ converter AC
voltages

(f) ’Faulty’ converter AC
currents

(g) ’Faulty’ cell capacitor
voltages

Figure 5.32: HB-MMC AC unbalanced operation with power reduction.

5.6.2 AAC

The performance of AAC during unbalanced operation is similar to that of the

MMC. Fig. 5.33 illustrate the waveforms of the healthy and ‘faulted’ AAC during

unbalanced operation. The unbalanced AC voltage on ’faulty’ converter grid side

is shown in Fig. 5.33(a), which lead to a power reduction from the ’healthy’

converter side as shown in the reduced AC currents in Fig. 5.33(b). The ‘faulty’

converter regulates its AC currents effectively, shown in Fig. 5.33(c)) by keeping

the negative-sequence current to zero. Due to the arm current discontinuity the

DC current contains high magnitude ripple during the fault. Also, the AAC does

not have any circulating current controller to regulate the double fundamental

frequency oscillations. These oscillations are transferred to the DC voltage and

current, as shown in Figs. 5.33(d) and 5.33(e) respectively. As a result, the

AAC DC current and voltage are distorted by high-magnitude and high-frequency
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components. Current oscillations at double the fundamental frequency affect the

overlap control, resulting in poor DC current quality. The high-frequency currents

also affect the cell capacitor voltages in both converters, leading to marginal

collapse of the voltage balancing process, as illustrated in Figs 5.33(f) and 5.33(g).

This results in an oscillatory DC voltage profile which is not characteristic of the

MMC and which is a significant disadvantage during AC unbalanced operation.

(a) ’Faulty’ converter AC
voltages

(b) ’Healthy’ converter AC
currents

(c) ’Faulty’ converter AC
currents

(d) DC voltages (e) DC currents (f) ’Faulty’ cell capacitor
voltages

(g) ’Healthy’ cell capacitor
voltages

Figure 5.33: AAC AC unbalanced operation with power reduction.

5.7 Partial DC voltage loss on diode rectifier

based HVDC

In this section the ability of the MC-MMC to operate at reduced DC voltage

is presented. The study is based around the system shown in Fig. 5.34, which

shows an HVDC system consisting of a point-to-point DC grid where a strong
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AC grid is interfaced to several weak grids through an MC-MMC. The output

of each weak grid is converted to DC through a diode rectifier unit (DRU), and

the outputs from each DRU are series connected before connection to the DC

grid. Each DRU has a switch SBP which allows it to be bypassed if it becomes

faulted. The benefits of this grid topology are the reduction in semiconductor

70km DC cable

SCL: 10 GVA

MC-MMC

VDC control

SBP1

DRU 1

DRU 2

DRU 3

SBP2

SBP3

SCL: 1.2 GVA

SCL: 1.2 GVA

SCL: 1.2 GVA

Figure 5.34: Point-to-point HVDC system with grids connected to an arrange-
ment of DRU and MC-MMC.

losses and the smaller footprint of the DRU when compared to a more complex

converter topology. This enables siting of DRU on redundant oil platforms. This

re-purposing of an existing offshore structure significantly reduces the capital cost

of the system. The DRU is considered to be a unipolar uncontrolled rectifier,

which means that the DRU cannot control actively either power or DC voltage.

As a result, the power is regulated directly from the weak grids, while the DC

voltage is regulated from the MC-MMC.

The modular series connection of the DRUs allows the synthesis of high DC

voltage. However, in the case of a fault which requires disconnection of one

or more DRU from the grid, the magnitude of the aggregated DC voltage is

immediately and significantly reduced. This would be a significant challenge in

systems that used an HB-MMC or an AAC to interface to the strong AC grid,

as it was shown in Chapter 4 that these converters cannot operate if the DC

voltage is significantly reduced. Appropriate candidates for reduced DC voltage
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operation are the MC and FB-MMC, which can both operate with reduced DC

voltage without affecting AC voltage as power is transferred. The MC-MMC is

however considered the better option as it is more efficient, as shown in Chapter

3, and is therefore is used as the strong AC grid interface converter in this study,

as shown in Fig. 5.34.

(a) DRU DC voltage (b) Total DC voltage (c) DRU active power

(d) Total Active power (e) MC-MMC DC current (f) MC-MMC HB total cell
voltage

(g) MC-MMC FB total cell
voltage

(h) MC-MMC arm currents (i) MC-MMC arm voltages

(j) MC-MMC converter AC
voltage

(k) MC-MMC converter AC
current

Figure 5.35: Partial loss of DC voltage in a DRU-MMC HVDC system.

The simulation study now examines the case where a DRU becomes faulty and

is bypassed, thereby reducing the DC voltage supplied to the point-to-point DC

grid. The simulation results are presented in Fig. 5.35. Referring to Fig. 5.34,
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bypass switch SBP2 is enabled at t = 1.5 s and DRU 2 is disconnected. DRU 1 and

DRU 3 continue to operate as normal whilst the output from DRU 2 falls to zero,

as shown in Fig. 5.35(a). Consequently, the aggregated DC voltage is reduced by

33% as shown in Fig. 5.35(b). The MC-MMC, which controls the DC voltage,

sets the new reference to be 66% of the original value. The power outputs from

DRU 1 and DRU 3 remain unchanged whilst the power output from DRU 2 falls

to zero, as shown in Fig. 5.35(c), and the total aggregated power is 33% as shown

in Fig. 5.35(d). DC current falls rapidly but recovers to its nominal value, with a

large overshoot, shown in Fig. 5.35(e), as the MC-MMC regulates the DC voltage

in response to the new reduced reference whilst continuing to transfer power at

a reduced level. Internally, the MC-MMC cell capacitor voltages, shown in Figs.

5.35(f) and 5.35(g), are well balanced after a brief undershoot, with a reduced

voltage ripple due to reduced arm current, as shown in Fig. 5.35(h). The arm

voltages in Fig. 5.35(i) show that the MC-MMC can react quickly and operate

successfully at reduced DC voltage without affecting the converter AC voltage

and current, shown in 5.35(j) and 5.35(k) respectively. From this simulation study

it can be concluded that MC-MMC is able to manage the loss of DRU without

interrupting or affecting the operation of rest of the HVDC grid.

5.8 Summary

This Chapter presents a set of simulation scenarios to compare AAC and MMC

converter topologies during start-up, a DC pole-to-pole fault, a DC pole-to-

ground fault and an AC phase-to-ground fault. During charging for all converter

topologies FB cells must emulate the operation of HB cells −otherwise the con-

verter and the grid cables are not able to charge. In converters which mix HB and

FB cells, both HB and FB cell capacitors charge simultaneously. In weak grids

the AC supply cannot be used to charge the converter, and this instead must be

achieved from the DC grid. The start-up sequences for both AAC and MMC are

similar.

The DC pole-to-pole fault is characterised and analysed for all multilevel

converters. MC and FB-MMC, and AAC are able to block and recover from a

DC pole-to-pole fault. A technique to control DC fault current trajectory that

combines an MC-MMC incorporating a small number of FB cells and DC link

reactors is investigated and presented as a method that may be used to relax the

challenging design requirements for future DCCBs.

The DC pole-to-ground fault is characterised and analysed for all multilevel

converters. This simulation study shows that the MC-MMC and FB-MMC can
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Table 5.2: Converter functionality.

Converter

topologies

Pole-to-pole

DC fault

DC fault

current limit

Pole-to-ground

DC fault

Partial

DC loss

HB-MMC No No No No

MC-MMC

(15-25% FB)
No Yes No Limited

MC-MMC

(50% FB)
Yes Blocking Yes Yes

FB-MMC Yes Blocking Yes Yes

AAC Yes Blocking No No

survive a pole a DC pole-to-ground fault whilst continuing power transfer. The

FB-MMC could offer advantage during a fault due to its capability to generate

full negative DC voltage. However this attribute becomes redundant during a DC

pole-to-ground fault since the DC voltage is controlled to be 0.5 p.u. In contrast

to the MC and FB-MMC, the AAC is unable to achieve DC pole-to-ground fault

ride through without damaging the internal insulation.

During unbalanced AC voltage operation, all MMC variants achieve FRT with

minimal DC current and voltage oscillations, and with low capacitor voltage rip-

ple. In contrast, the AAC achieves FRT which is characterised by an oscillatory

DC voltage profile which a significant disadvantage during AC unbalanced oper-

ation.

A structure that aggregates power from multiple weak grids and connects them

to an HVDC network through series-connected DRUs has recently been proposed.

It has been shown that the MC-MMC is a suitable converter for interfacing the

HVDC system to the strong AC grid as it is able to manage and react quickly

to partial DC voltage loss without interrupting HVDC grid operation and whilst

continuing to transfer power.

The converter attributes are summarised in Table 5.2. Even if the initial

design of most of the converter topologies was to block a DC pole-to-pole fault,

this chapter shows that there are in general other faulty and transient situations

that the converter should compensate. The AAC was originally developed to

provide efficient DC pole-to-pole FRT. However, its inability to survive pole-to-

ground faults and its reduced power quality during AC unbalanced faults are

significant disadvantages. The MC-MMC, however, does not suffer from these
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disadvantages and is able to survive faults whilst maintaining high power quality.

The MC-MMC is also a suitable converter for inclusion in hybrid HVDC networks

that incorporate DRU.
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Chapter 6

Reduced-scale experimental

set-up for multilevel converters

and HVDC grids

6.1 Introduction

Off-line simulation provides fast validation of concepts and ideas, and requires

minimal investment. However, simulation studies may exclude many real-world

considerations, such as global radiation, whilst assumptions (e.g. uniformity of

passive elements, communication delays) may also be made to reduce system

complexity and thereby reduce computational effort. Real-time simulation maybe

used to validate control architectures, where the target is to execute the simu-

lated control system algorithm in the same time period as the actual controller.

Although real-time simulations are a valid method for validating controllers [96],

power circuit simulation is complicated by the considerations and assumptions

mentioned previously. Also, the time steps used in the solvers, either off-line or

in real-time, if not considered carefully, may result in ambiguous results. Ideally,

a full-scale hardware replica of the off-line simulation models offers the best val-

idation of a concept, including the controller and the engineering configuration.

However, this is cost and time inefficient, and a reduced scale hardware sys-

tem is more practical. In the case of reduced scale test hardware, the controller

operation, converter structure, and the real-life non-ideal elements can provide

experimental validation of the off-line simulations. However, phenomena such

as the interaction of components at high-voltage, actual semiconductor losses,

physical dimensioning and volume cannot be validated as they cannot be scaled

down. This chapter reports the design and construction of a reduce scale test-rig

for experimental validation of AAC and MMC topologies. The test-rig is used to
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provide evidence of valid operation of several of the off-line case studies presented

in Chapters 4 and 5, and the proposed enhanced MMC converter presented in

Chapter 7.

6.2 System design

The experimental converter consists of six arms, with four FB cells per arm. Each

arm includes an inductor and a single IGBT. In this arrangement the experimental

set-up is able to operate in AAC and MMC modes, as described in Chapter 3. In

an AAC mode the single IGBT in each arm operates as the DS, while in MMC

mode where a DS is not required, the arm IGBT is permanently in the on-state.

The schematic of the multilevel converter experimental set-up is shown in Fig.

6.1.

6.2.1 Sizing and dimensioning of experimental set-up

The selection of the passive components of the reduced-scale test-rig (RSTR) are

based on the reference system (RS) specifications that are used in Chapters 4

and 5. The RS is based on a 400 kV, 1 GW HVDC link, similar to the INELFE

project [89]. The RSTR converter is a scaled down version of the RS, as described

in Table 6.1, according to the methodology that was used in BestPaths Demo #1

project [97].

FBcell2

iDC,u

LarmDSTR

ij,acaac

iDC,l

CDCf

CDCf

LDCf

LDCf

DSj,u

DSj,l

FBcell1

FBcell3

FBcell4

FBcell5

FBcell6

FBcell7

FBcell8

LarmDSTR

FBcell

Figure 6.1: Experimental set-up of the multilevel converter.
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Table 6.1: Reference and test-rig specifications.

Value
Reference system

(RS)
Reduced-scale test-rig

(RSTR)
DC voltage 640 kV 300 V
Apparent power 1060 MVA 4 kVA
Converter AC line-to-line voltage 320 kV 150 V
Number of cells 400 4
Effective switching frequency 80 kHz 40 kHz
Cell capacitance 13 mF 2.2 mF
Arm inductance (MMC) 65 mH (18 p.u.) 5 mH (24 p.u.)
Transformer inductance (MMC) 65 mH (18 p.u.) 1.2 mH (5.8 p.u.)
Arm inductance (AAC) 11 mH (1.4 p.u.) 2.5 mH (5.5 p.u.)
DC inductance (AAC) 100 mH (12.5 p.u.) 9 mH (19.5 p.u.)
Transformer inductance (AAC) 150 mH (18 p.u.) 1.2 mH (0.15 p.u.)

The reduced scale system should maintain and preserve as much as possible

the dynamics of the full-scale system with regard to converter stored energy.

Moreover, the following criteria are also considered.

• Each arm chain-link contains only 4 cells in order to reduce cost, and control

and circuit complexity. Additionally, the low number of cells facilitates

demonstration of the effects of large voltage errors among the arms.

• Semiconductors voltage ratings are deliberately over-sized in order to max-

imise system reliability. The voltage rating of each cell is the DC voltage

divided by the number of levels, and is therefore small. At the reduced

voltage and power levels, MOSFETs would be a more appropriate semicon-

ductor choice. However, IGBTs are chosen in order to ensure high system

reliability, as they have higher voltage ratings for reduced cost.

• In general, considerations regarding reduced complexity and increased relia-

bility are traded for reduced efficiency as the target of the reduced scale test-

rig is to validate concepts rather than to meet manufacturing and economic-

technical requirements.

Transformer inductance The reference model transformer inductance is 0.18

p.u. However, achieving such a high impedance for a low power and voltage rated

transformer is very costly. As a result, a conventional wye-delta transformer with

0.06 p.u. impedance is used. The reduced transformer inductance is compensated

by increasing the arm inductance.
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Arm inductance The arm inductance must be able to sustain overload cur-

rent in order to avoid saturation. Although air-cored inductors are considered

an efficient choice with low losses, iron-core inductors are chosen due to their

smaller footprint. The reference model arm inductance is 0.18 p.u. However, to

compensate for the reduced transformer inductance, the test-rig arm inductance

is chosen to be 0.24 p.u. The arm inductance is calculated by (6.1) according to

the values in Table 6.1.

LarmDSTR =
V 2
ACRS

V 2
ACDSTR

SRS
SDSTR

LarmRS (6.1)

The DC component of the arm current which dictates the iron losses, and which

is dependent on the cm and circulating currents, must also be considered in order

to avoid overheating.

Cell capacitor The cell capacitors for an MMC are designed to allow a ±10%

voltage ripple during suppressed circulating currents. When the circulating cur-

rents are not suppressed the voltage ripple is expected to double [98]. As a

result, cell capacitor voltage ripple of ±20% represents a worst case scenario for

steady-state MMC operation, without considering any transient phenomena. The

nominal cell voltage is 75 V, but the capacitor voltage is specified to be 150 V in

order to sustain transient operation and increased capacitor voltage ripple. Cell

capacitance is sized according to the reference model, resulting in cell capacitance

of 2.2 mF, as calculated using:

CcellDSTR =
NDSTR

NRS

V 2
ACRS

V 2
ACDSTR

SRS
SDSTR

CcellRS (6.2)

EMI Considerations Due to the rapid and frequent switching of voltages and

currents, power electronic systems will produce interference in the radio frequency

range which can be transmitted into sensitive equipment. This EMI exist due to

the magnetic or electrical coupling of low voltage and current systems, such as

microcontrollers, with the higher power system. Also due to the concentration

of both high and low power components in a small space, sensitive equipment

such as microcontrollers and signal hubs are prone to EMI. In order to suppress

the EMI emissions from the power circuit, certain techniques can be applied

[99]. Electrical coupling can be minimised by reducing the parasitic capacitance

between the signal connectors, while the magnetic coupling can be reduced by

minimising parasitic inductance in the signal paths. In both cases, this can be

achieved by reducing the length of signal conductors and by minimising signal
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return paths. Additionally, careful design of signal zero-volt references through

isolation of ground planes helps to preserve signal integrity. This is particularly

important when dealing with safety-critical signals, such as the ‘inhibit’ command

required to block the converter. EMI can be also be minimised by using twisted

pairs of conductors. In printed circuit board (PCB) design it is advantageous to

run tracks orthogonally and through a multilayer structure to minimise coupling

and path length. CMOS based logic components have increased noise immunity

when compared to TTL components. Finally, signal transmitted through fibre

optic cables are immune to EMI.

Cell board

The cell is the key sub-circuit of the modern multilevel converter. It is therefore

crucial to design and construct a robust cell which allows, through different ar-

rangements, testing of a variety of multilevel converters. As mentioned in Chapter

2, there are numerous cell topologies which offer good efficiency and low complex-

ity. To reduce construction complexity and to increase converter flexibility, the

FB cell structure, which offers bipolar operation, is selected for the reduced-scale

test-rig.

FB cell design An FB cell requires four input signals: one for each semicon-

ductor in the bridge. In an MMC this will result in a large number of connections.

Additionally the need to provide four control signal for each FB cell imposes a

significant burden on the microcontroller. To address both of these issues, a

strategy which requires only two outputs per FB cell from the microcontroller

and which redeploys some of the computational effort to an auxiliary circuit is

chosen, as shown in Fig. 6.2. The auxiliary circuit acts on the two control inputs

to generate the four switching signals required to operate the FB, and includes

dead-time generation, using a RC-diode network, and a cell inhibit facility. To

address EMI, fibre optic cables are used to connect the microcontroller to the aux-

iliary circuits. The reduction in the number of connections required significantly

reduces the construction cost.

The nominal dead-time is 2.5 µ s, which is achieved using a 3.3 kΩ resistor

RDT and a 2.5 nF capacitor CDT . Because the upper and lower switches in a

bridge leg are not driven independently, a dedicated inhibit signal and circuit are

necessary to ensure that the cell can switched into a blocking state. The inhibit

signal is set directly from the master controller, where the protection and detec-

tion algorithms are included. Each signal, S1 and its complement shown in 6.2,

supplies a gate driver which consists of an optocoupler with a dedicated isolated
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Figure 6.2: Experimental FB cell.

power supply which provides the voltage and current levels required to operate

the IGTB. A gate resistance of 15 Ω is introduced according to manufacturer’s

recommendation. A low cost, low footprint voltage transducer in the form of

an isolated power amplifier is used, as shown in 6.2. The voltage input to the

transducer is scaled down using a voltage divider. The high-resistance divider

network and the high-impedance transducer input draw very low current. A film

capacitor is connected in parallel with the transducer input to provide high fre-
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quency noise rejection. The differential output from the voltage transducer feeds

an operational amplifier (OpAmp) circuit, which matches the requirement (DC

offset and magnitude) the microcontroller analogue input. If a digital signal rep-

resentation is required, a low cost and computational effort solution is to feed

the OpAmp output into a voltage-to-frequency converter (VCO). The output of

the VCO is connected directly to a digital input of the microcontroller, which

translates the frequency to a voltage magnitude. The cell capacitors are of the

electrolytic aluminium variety, allowing a higher capacitance at higher voltages

and at lower cost. Electrolytic capacitors have relative high equivalent series re-

sistance (ESR) which increases the total losses of the converter. A method of

reducing ESR is to parallel-connect multiple capacitors. This method also allows

accurate synthesis of a given capacitance value. However, the total cell footprint

may increase by adding more capacitors in parallel. Small value polypropylene

film capacitors are connected in parallel with the electrolytic cell capacitor to

provide a low ESR path for high frequency current, to reduce switching noise.

Moreover, polypropylene film snubber capacitors are used to reduce the IGBT

voltage overshoot resulting from the PCB track parasitic inductance.

Cooling

The FB cell IGBTs are connected to the same heatsink. A representation of

this arrangement is shown in Fig. 6.3. The thermal resistance of the heatsink is

calculated to ensure that the IGBT junction temperature Tj (TS and TD) does not

exceed 120oC for ambient temperature Tamp of 25oC. This junction temperature

is well within the manufacturer’s specification [100].
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Case module
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RjS RjD

IGBT
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IGBT
Junction

Case module
IGBT 3

Junction
Diode

RjS RjD
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Figure 6.3: Thermal model showing four IGBTs connected to a single heatsink.
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The IGBT case-to-junction thermal resistance Rmodj−c given by (6.3), where

RjS and RjD are the case-to-junction thermal resistances for the switch and diode

respectively.

Rmodj−c =
RjS ·RjD

RjS +RjD

(6.3)

Each IGBT is connected to the heatsink through Rθcomp which represents the

thermal resistance of the heatsink compound used. The total thermal resistance

Rc between the junction and the heatsink for all four IGBTs is therefore given

by (6.4).

Rc =
4

Rmodj−c +Rθcomp

(6.4)

The heatsink-to-ambient resistance Rh is calculated according to the number

of mounted IGBT modules n and the corresponding power dissipation of each

module PTL−mod, and is given by (6.5).

Rhs <
tj − Tamb
n · PTL−mod

(6.5)

Table 6.2 specifies the thermal characteristics of the Infineon IKW40N120H3

IGBT selected for the reduced scale test-rig.

Table 6.2: Cell thermal characteristics.
Description Value

Thermal junction-to-case resistance IGBT RjS 0.31 K/W
Thermal junction-to-case resistance diode RjD 1.11 K/W
Thermal resistance of heatsink compound Rθcomp 0.9 K/m·W
Thermal resistance of heatsink-to-ambient Rh 1.1 K/W
Total cell losses n · PTL−mod (5 kW) 32.6 W

The cell power losses are calculated according to the analysis of Chapter 3.

Cell losses are considered for the case where the reduced scale test-rig operates at

5 kW, exceeding the nominal power specification of 4 kW. This is considered to

represent extreme operation that includes long duration transient phenomena. In

the case of fast, high current (>20 A) transients, protection algorithms will block

the converter and prevent the IGBTs from overcurrent and overheating. When

operated at 300 V and 5 A with a 20 kHz square-wave reference, cell thermal

behaviour is acceptable with device junction temperature of 76.1oC as shown in

Fig. 6.4.
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Figure 6.4: Thermal image of IGBTs in FB cell.

Test set-up efficiency

Total losses, and therefore converter efficiency, are defined according to the semi-

conductor, the cell capacitor, and the iron-core losses in the arm inductors. The

transformer, cables and any other collateral equipment such as relays are not

considered when calculating converter efficiency.

The total semiconductor losses can be calculated according to the total cell

losses as described in Chapter 3. The measured equivalent resistance of the arm

inductors is 0.2 Ω, while the ESR of each aluminium electrolytic cell capacitor is

calculated to be 0.101 Ω at 100 Hz. For 4 kW operation at unity power factor

(see Table 6.1), Table 6.3 shows the losses and the efficiency of the converter

operating in MMC mode.

Table 6.3: Efficiency and losses of converter (cosφ = 1, 4 kW).

Description Value
Total semiconductor losses 412.8 W (59.7%)
Total cell capacitors losses 185.9 W (26.9%)
Total arm inductor losses 92.9 W (13.4%)

Total losses 691.6 W
Efficiency 82.71%

From Table 6.3 it can be concluded that the semiconductor constitutes a sig-

nificant proportion of the power converter losses due to the high on-state voltage

drop VCE during conduction, and due to the FB topology where two semicon-
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ductors always conduct in each cell. Semiconductor losses may be reduced by

incorporating more efficient low-voltage semiconductors such as MOSFETs.

The cell capacitor losses are high due to the relative high ESR, and it could

be reduced by parallel connection of capacitors. The high inductor losses are due

to the use of an iron core. Inductor losses could be reduced by using an air-

core inductor but this would be at the expense of increased footprint. In general,

passive components contribute significantly to the total efficiency of the converter,

but to reduce passive component losses would require additional components at

additional capital cost, and increased space. These are not constraints in the

development of the reduced scale test-rig.

6.3 Controller execution time and sequence

The converter control system consists of three layers of control: the dSpace unit

(master and upper level controllers), the PSoC (low level controller), and the lo-

cal cell logic (dead-time, and inhibitory logic), as shown in Fig. 6.5. The control

system is designed to be a non-centralised asynchronous distributed architecture,

in order to reduce computational effort, complexity and cost of the controller

equipment. According to the control structure in Chapter 3, the outer controller

settling time is 100 ms while the inner current controller settling time is 10 ms.

The dSpace system, which includes the whole upper level control structure, sam-

ples every 100 µs (10 kHz). The PSoC interrupt timer is set at 400 µs (2.5kHz)
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Figure 6.5: Reduced scale test-rig controller architecture.
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which defines the switching frequency of each cell. The complete lower level con-

trol algorithm is executed in 100 µs (10 kHz). The propagation delay between

the input to the dead-time circuit and the IGBT gate is 75 ns.

6.3.1 Low level control optimisation

For each phase of an FB-MMC that consists of 4 cells in each arm, 4608 unique

converter states exist, which are defined by current direction, cell voltage output,

sorted cell voltage index, and modulation index. The action of the auxiliary

circuit which generates four outputs from two inputs, as shown in Fig. 6.2,

reduces this to 2304 unique states. To represent these states still requires at least

a 12 bit operator (4096). The physical logic required to realise this is significant

but almost 50% of its capability would remain redundant, making this a very

inefficient solution. In addition, the PSoC 5 used in the test-rig is not capable

of representing the required number of states in addition to performing its other

functions.

By combining operations which requires similar functions, the number of

states may be optimise and reduced from 2304 to 192. Instead of requiring a

substantial state machine which includes all inputs and outputs, each required

function is split in smaller state machines which require fewer unique states. For

example, a cell is sorted as the 2nd highest voltage cell, with positive current, and

is required to produce positive voltage when 3 cells need to be inserted. This con-

verter state is defined by four properties. In order to produce a new state, rather

than redefining all four properties from the beginning, just one of the properties

can be rearranged while the rest are kept the same. Fig. 6.6 shows the state ma-

chine architecture required to represent the reduced number of converter states.

The main loop processes the required converter properties at frequency of 10 kHz

and generates the state machine output required to achieve the corresponding

converter operation.

6.3.2 Controller interface

The main controller (dSpace) implements the upper level controls defined in

Chapter 3, and provides the modulation indices to the Lower level controller

(PSoC 5) through analogue signals. The dSpace and PSoC 5 systems are not

synchronised using a common digital clock, ensuring system compatibility re-

gardless the communication protocol. However the analogue signals are exposed

to EMI and increased noise.

The interface between the dSpace and PSoC 5 is defined according to Fig. 6.7.
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Figure 6.6: State machine with reduced number of converter states.

dSpace ‘Controller output’ modulation indices are in the range of -1 to 1, which

are they converted to a ‘dSpace DAC output’ in the range 0-4 V. The quantisation

error introduced by the 12 bit DAC results in a very small voltage error of 0.092 V

at the specified RSTR DC voltage, as defined in Table 6.1. Internally, the PSoC

5 reads the 0-4 V analogue input through a 12 bit ADC with refresh rate of 1.6

MHz. The decimal equivalent ‘PSoC ADC input’ of the 12bit number is then

linearly scaled to the ‘PSoC nominalised reference’ in the range 0-20000. This

process increases accuracy, reduces noise and replaced floating point constants

with integers.

The overall controller design is equivalent to the one that was used in off-line

simulations and is described in Appendix A.
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Figure 6.7: Reduced scale test-rig controller architecture.

6.4 Hardware implementation of a quasi modu-

lar multilevel converter based on the aver-

age model

Chapter 3 describes the operation of multilevel converter average models where

the cell capacitors are combined into one lumped total capacitance, as shown in

Fig. 6.8. Each arm voltage is defined based on the assumption that cell capacitor

voltages are perfectly balanced. For some experimental studies which consider the

converter’s physical stored energy (e.g. power flow, multi-terminal operation, AC

transient operation) the complexity of the MMC and AAC described in Section

6.2 is not necessary. Instead an average may be implemented, which meets the

needs of these studies, at reduced cost and complexity. This quasi modular

multilevel converter (qMMC) includes only one cell per arm with a lumped cell

capacitance, similar to average model.

6.4.1 qMMC design and operation

The specification for the reduced-scale qMMC test-rig are similar to those in

Table 6.1. However, each arm contains only one cell, and the cell voltage must

be rated at the full DC voltage. In addition the cell capacitor CcellqMMC
is sized

according to (6.6).

CcellqMMC
=
CcellDSTR
NDSTR

(6.6)
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Figure 6.8: qMMC.

where CcellDSTR and NDSTR is the cell capacitance and number of cells of the

DSTR respectively. Due to the fact that the qMMC has only a single cell per

arm, no CBA is required. As a result, PWM is applied to each cell according to

the upper level (dSpace) controller, which is similar to that used in the MMC

described earlier, as shown in Fig. 6.9.
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Figure 6.9: qMMC controller design.

Normally in an MMC each arm is controlled independently in order to con-

trol the circulating currents. However such an operation introduces arm voltage

mismatch errors of magnitude VDC
N

. For high numbers of cells the effects of this

error are small and can be suppressed by the arm inductors. In the case of the

single cell per arm qMMC the arm voltage mismatch error has a magnitude equal

to VDC , which synthesises a DC voltage with error ranging between 0 and 2VDC
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that exceeds the voltage limits of the system and which may cause equipment

failure. Therefore, each phase arm is modulated from a single reference in a com-

plementary manner. In comparison with the MMC this operation introduces two

significant limitations:

• Due to the non-independent operation of each arm it is not possible to

suppress the circulating current; thus, the magnitudes of arm current and

cell voltage ripple are high.

• Due to only two are voltage states, 0 and VDC , the DC voltage lacks resolu-

tion unlike that available from the conventional MMC as shown in Chapter

4.

6.4.2 qMMC verification

Fig. 6.10 shows simulated qMMC performance with the controller specified in

Fig. 6.9. The simulation shows well balanced cell voltages, with the arm currents

containing 2nd order harmonics. The AC voltage fluctuates according to the arm

voltage profile, due to the cell capacitor voltage ripple. The simulation results

verify the basic operation of the qMMC.

(a) AC voltage (b) Arm voltages (c) Capacitor voltages

(d) AC current (e) Arm currents (f) DC current

Figure 6.10: qMMC simulation results.
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6.5 Experimental Results

The reduced scale test-rig is used to validate controller operation and to provide

evidence of the functionality demonstrated by the off-line simulations. In par-

ticular, selected operating scenarios such as dynamic operation (PQ capabilities)

and AC unbalanced operation of the MMC and AAC, as simulated in Chapters 4

and 5, are investigated experimentally. Also, for these operating scenarios, per-

formance of the MMC and qMMC are compared to validate the concept of the

average model hardware implementation. Finally, MMC operation at reduced DC

voltage is also investigated. The test-rig set up is shown in Fig. 6.11. The AC

and DC relays allow both converters to operate simultaneously or independently.

The power flow is from the DC power supply towards to the grid emulator, and

all converters operate in active power control mode. The grid emulator is a pro-

grammable 15 kW four-quadrant AC to AC power supply which also emulated

AC unbalanced operation. The wye-delta transformers are rated at 400 V/230

V and 10 kW. A DC filter is included in each converter in order to create the

mid-point DC voltage reference. Finally, the unidirectional DC power supply

specification is 600 V and 10 kW.

6.5.1 Steady-state operation

This section demonstrates the PQ capabilities of MMC, AAC and qMMC in

inverter mode under active power control. The three operation set points are the

following:

• Unity power factor with P = 4000 W, Q = 0 VAr,

• STATCOM operation with P = 0 W and Q = ±1500 VAr

• Cosφ = 0.9363 with P = 4000 W and Q = ±1500 VAr

MMC

The full PQ MMC inverter operation is demonstrated in Fig.6.12. The converter

successfully operate for a variate of operational set-points with active and re-

active power ramp rates of 2 p.u.
s

. The stiff DC power supply contain a high

value capacitor resulting in limited development of the DC voltage phenomena,

as shown in Fig. 6.12(b). Due to the reduced number of cells the DC current has

a high magnitude ripple. However, by installing a 2.8 mH DC reactor the ripple

is reduced, as shown in Fig. 6.12(c).
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Figure 6.11: Reduced scale test-rig configuration.

(a) MMC (b) DC voltage (c) DC currents

Figure 6.12: Experimental results of MMC dynamic operation
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Fig. 6.13 show a sample of the converter AC voltages and currents during

unity power factor operation. The AC voltages contain the 2.5 kHz component

of the PWM and eight distinguished voltage levels. Due to the reduced total AC

inductance the AC currents exhibit a mild distortion.

(a) AC converter voltages (b) AC converter currents

Figure 6.13: Experimental results of AC MMC voltages and currents during
steady-state

The full PQ MMC inverter operation of the MMC during unity power factor

is shown in the left column of Fig. 6.14. Arm voltages operate in 2.5 kHz and

there are four distinct voltage levels, while on the upper voltage level there is a

slight voltage variation due to the cell capacitor ripple. The arm currents exhibit

a high frequency distortion due to the low number of cells per arm and the high

frequency operation of the arm voltages. In addition, the low number of cells and

the switching frequency of 2.5 kHz are insufficient to enable effective employment

of the circulating current suppressing controller which results in the appearance of

low magnitude low frequency harmonics. The total cell capacitor voltage exhibits

a 2nd order harmonic during unity power factor operation and reduced voltage

ripple of ±8%.

The inverter operation of the MMC during STATCOM operation is shown in

the middle column of Fig. 6.14. The arm voltages do not appear to contain a

voltage gradient, due to the fact that the cell capacitor voltages do not contain

a second order harmonic. Due to the reduced current flowing through the arms,

compared to the unity power factor case, the high and low frequency components

have relatively higher amplitude. The total cell capacitor voltage appears to

contain only the fundamental 50 Hz frequency component while the cell capacitor

voltage ripple appears to be in the range of ±5% due to the reduced apparent

power.

The inverter operation of the MMC during power factor cosφ=0.9363 oper-

ation is shown in the right column of Fig. 6.14. The arm voltages and current

profiles are similar to the unity power factor operation case. The total cell ca-

pacitor voltages have increased voltage ripple with embedded 1st and 2nd order
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(a) Arm voltages (b) Arm voltages (c) Arm voltages

(d) Arm currents (e) Arm currents (f) Arm currents

(g) Total cell capacitor
voltages

(h) Total cell capacitor
voltages

(i) Total cell capacitor
voltages

Figure 6.14: MMC steady-state experimental results: cosφ = 1 (left column),
STATCOM (middle column), cosφ = 0.9363 (right column).

harmonics.

The experimental results show good agreement with the off-line simulation

results shown in Chapter 3, thereby validating the off-line models.

AAC

The full PQ AAC inverter operation is demonstrated in Fig.6.15(a).
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(a) MMC (b) DC voltage (c) DC currents

Figure 6.15: Experimental results of AAC dynamic operation

The converter successfully operates for a range of operational set-points with

active and reactive power ramp rates of 2 p.u.
s

similar to MMC. The effect of the

AAC filter(L = 2.8 mH) is shown in Fig. 6.15(c).

Fig. 6.16 shows a sample of the converter AC voltages and currents during

unity power factor operation. The AC voltages contain the 2.5 kHz component

of the PWM, eight distinguished voltage levels and the 3rd harmonic injection.

(a) AC converter voltages (b) AC converter currents

Figure 6.16: Experimental results of AC AAC voltages and currents during
steady-state

The value of the AC total inductance is even smaller compared to the MMC

which results in AC currents distortion increase.

The inverter operation of the AAC during unity power factor is shown in

the left column of Fig. 6.17. Arm voltages operate at 2.5 kHz, have positive

arm magnitude of approximately VDC/2, and can be over-modulated to produce

negative voltage.
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(a) Chain-link voltages (b) Chain-link voltages (c) Chain-link voltages

(d) DS voltages (e) DS voltages (f) DS voltages

(g) Arm currents (h) Arm currents (i) Arm currents

(j) Total cell capacitor
voltages

(k) Total cell capacitor
voltages

(l) Total cell capacitor
voltages

Figure 6.17: AAC steady-state experimental results: cosφ = 1 (left column),
STATCOM (middle column), cosφ = 0.9363 (right column).

The experimental test-rig requires larger inductors due to the reduced number

of cells and limited switching frequency. This inductance value is larger than

that used in simulation studies which represents a realistic fully-rated AAC. The

effect of these larger arm inductors can be seen in the chain-link voltages of Fig.

6.17 where, although the DS voltage magnitude is agreement with the chain-link

voltage, an asymmetry is introduced. The arm currents exhibit high frequency
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components while the peak values are higher than those seen in a MMC. The total

capacitor voltages illustrate the discontinuous current and overlap operation of

the converter, as was shown in Chapter 4.

The inverter operation of the AAC during STATCOM operation is shown in

the middle column of Fig. 6.17. The arm and DS voltages have similar pro-

files to those during unity power factor operation. The arm currents are phase

shifted with respect to the arm voltage illustrating reactive power flow. The total

capacitor voltage ripple is reduced and exhibits a profile which includes a 50Hz

component and which illustrates the arm current discontinuity.

The inverter operation of the AAC at power factor cosφ=0.9363 is shown in the

right column of Fig. 6.17. Arm and DS voltages are similar to the unity power

case. The arm currents experience higher overshoot during overlap operation.

The total cell capacitor voltages, have an increased voltage ripple due to the

increase of the apparent power. These results are in a general good agreement

with those of the off-line AAC simulation shown in Chapter 4.

qMMC

The full PQ qMMC inverter operation is demonstrated in Fig.6.18(a).

(a) MMC (b) DC voltage (c) DC currents

Figure 6.18: Experimental results of qMMC dynamic operation

The converter successfully operates for a range of operational set-points with

active and reactive power ramp rates of 2 p.u.
s

similar to MMC and AAC. Due to

the complementary operation of the arms the current ripple is reduced and DC

filter is not required, as is shown in Fig. 6.18(c).

Fig. 6.19 shows a sample of the converter AC voltages and currents during

unity power factor operation.
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(a) AC converter voltages (b) AC converter currents

Figure 6.19: Experimental results of AC qMMC voltages and currents during
steady-state

The AC voltages contain the 2.5 kHz component of PWM, and only two

voltage levels exhibiting a voltage fluctuation due to the cell capacitor, as shown

in Fig. 6.19(a). Due to the reduced total AC inductance and the two-level AC

voltage operation, the AC converter currents exhibit high value distortion.

The inverter operation of the qMMC during unity power factor operation is

shown in Fig. 6.20. The arm voltages operate in a two-level voltage manner at a

frequency of 2.5 kHz, with a voltage fluctuation due to the cell capacitors. The

arm voltages operate in a complementary mode, thus the circulating currents

cannot be controlled, where a 2nd harmonic is embedded. In addition, due to

the absence of high-frequency passive filters on the AC side of the converter, and

the relatively small combined arm and transformer inductance, the AC currents

contain high-frequency harmonics. The cell capacitor voltages have a similar

profile to those of an MMC, but increased voltage ripple due to the absence of

a circulating current controller. The qMMC is able to emulate the operation of

an actual MMC, with respect to the internal cell voltage and arm current profile.

The hardware results align well with the simulation results.

The inverter operation of the qMMC during STATCOM operation is shown

in the middle column of Fig. 6.20. The arm currents include a 2nd order har-

monic component and phase shifted relative to the arm voltages, illustrating the

generation of reactive power. In addition, the arm currents do not have any DC

offset as zero active power is transferred. High-frequency voltage and current

components still exist in the AC grid voltages and converter currents.
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(a) Arm voltages (b) Arm voltages (c) Arm voltages

(d) Arm currents (e) Arm currents (f) Arm currents

(g) Total cell capacitor
voltages

(h) Total cell capacitor
voltages

(i) Total cell capacitor
voltages

Figure 6.20: qMMC steady-state experimental results: cosφ=1 (left column),
STATCOM (middle column), cosφ=0.9363 (right column).

6.5.2 AC unbalanced operation

The AC unbalanced operation of MMC, AAC and qMMC is shown in Fig. 6.21,

which shows the effects of subjecting each converter to a severe phase-to-ground

fault. In each converter, the positive-negative sequence current controller bal-

ances the AC currents. During the fault the power reference is actively adjusted

in order to reduce the AC currents magnitude to their rated values. When the

fault is cleared the power reference is returned to its nominal value. The cur-

rent undershoot and overshoot are due to the controller delayed reaction. It can

be observed that for the MMC and qMMC the total cell capacitor voltage ex-

hibits increased voltage ripple at the beginning of the fault and that it reduces

as the power reference is adjusted. However, in the AAC the total cell capacitor

voltage ripple is high even with the reduced power reference. The MMC DC
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(a) AC grid voltages (b) AC grid voltages (c) AC grid voltages

(d) AC converter currents (e) AC converter currents (f) AC converter currents

(g) Total cell capacitor
voltages

(h) Total cell capacitor
voltages

(i) Total cell capacitor
voltages

(j) DC current (k) DC current (l) DC current

Figure 6.21: Experimental results on AC unbalanced operation: MMC (left col-
umn), AAC (middle column), qMMC (right column).

current maintains the same ripple magnitude throughout the fault, due to the

PR circulating current suppressing controller. Due to the absence of a circulating

current suppressing controller in the qMMC and AAC, the DC current experience

high ripple. These experimental results show good agreement with the off-line

simulations presented in Chapter 5.
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6.5.3 Reduced DC voltage operation

The inverter operation of the MMC during reduced DC voltage conditions is

shown in Fig. 6.22. The DC power supply voltage reference is set to half of the

nominal value, and is reduced with a slope of 2 p.u./s. This ramp rate is limited

by the capabilities of the DC power supply. The arm voltages, which are initially

positive, are modulated to produce both positive and negative voltage levels.

The cell capacitor voltages experience only a small fluctuation. The AC and DC

currents remain zero, without experiencing any overcurrent during the transition.

The AC grid voltages do not experience any overvoltage during reduced DC

voltage operation. This aligns well the with the off-line simulations shown in

Chapter 4 and 5. Although it was not possible to validate DC fault pole-to-

ground faults experimentally due limitations of the hardware, the fact that the

experimental converter was shown to be able to operate at reduced DC voltage,

which is a fundamental requirement in the management of DC pole-to-ground

faults, provides a degree of confidence in the ability of the converter and controller

to provide FRT during DC pole-to-ground DC faults.

(a) AC converter voltages (b) DC voltage (c) Total cell capacitor
voltages

(d) Arm voltages (e) AC converter currents (f) DC current

Figure 6.22: Experimental results on MMC reduced DC voltage operation.
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6.6 Summary

This chapter describes the design, development and implementation of a reduced

scale test-rig for multilevel VSC controller and topology validation. Two three-

phase 4 kW converters are developed: a four-cell FB-MMC which operates in

both MMC and AAC modes, and an experimental qMMC which emulates the

operation of an MMC and which is useful for system level studies. The converters

are tested in inverter mode under different illustrative PQ demand conditions, and

during unbalanced AC faults. In addition, the FB-MMC is tested during reduced

DC voltage operation. A key aspect of the experimental system design is the

realisation of a multifunctional experimental FB cell which can be operated as

FB cell, an HB cell or a DS, and which enables implementation and validation of

all the converters described and simulated in Chapter 4, 5 and 7.

Thermal analysis of the FB cell is validated under full-load conditions, by

using a thermal imaging camera, which shows acceptable temperatures. The cal-

culated total efficiency of the converter shows that for reduced scale experimental

prototype, the passive components make a significant contribution to the total

thermal losses. In general, complexity and reliability are traded off against cost

and efficiency.

An asynchronous control architecture is incorporated, which is realised using

a combination of low-cost microprocessors (PSoC 5) and a controller prototyping

platform (dSpace) to distribute the processing effort and reduce the total cost.

The dSpace system is responsible for the upper level control of the MMC, AAC

and qMMC. Each phase incorporates a dedicated PSoC 5 for handling the lower

level control. The asynchronous architecture offers a simple implementation and

still enables the experimental test-rig to operate correctly.

The MMC and AAC test-rig results show good agreement with the off-line

simulations results shown in Chapters 4 and 5. Experimental tests show that

the qMMC can provide acceptable emulation of the MMC and provide a good

alternative for system-level hardware studies.
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Chapter 7

Enhanced and improved

multilevel Converters

7.1 Introduction

This chapter presents two new converters based on MMC and AAC topologies.

The first topology is based on MMC topology which offers a high number of

voltage levels with a reduced number of cells when compared to established MMC

topologies. The novel MMC exhibits a new unique multiplication feature where

the number of voltage levels per arm is approximately equal to the product of the

numbers of HB and FB cells, whilst the output voltage step amplitude is equal

to that of the FB cell voltage. These characteristics contribute to significant

improvement in the quality of the AC and DC side waveforms generated by the

proposed MMC. The proposed topology utilises both HB and FB chain-links

in its arms, where the HB chain-link is rated for full DC-link voltage. Each

HB cell is rated for medium voltage and, therefore, requires series-connected

devices. It is used to synthesise an approximation to the fundamental sinusoidal

output voltage with large voltage steps. The FB chain-link, with total blocking

voltage equivalent to half of that of an HB cell, is used to generate additional

voltage levels with small voltage steps to smooth the transitions between the large

voltage steps generated by the HB cells so that the MMC provides high-quality

sinusoidal output. In this way, the proposed MMC has the potential to eliminate

both AC and DC side filters despite having a reduced number of cells. Detailed

comparisons with existing MMC topologies show that the proposed MMC offers

better design trade-offs in terms of superior AC and DC waveforms with reduced

control and power circuit complexity. The validity of the proposed MMC is

confirmed using simulation and experimentation.

The second topology is based on AAC topology where the DS of the upper and
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lower arms of the conventional AAC are rearranged as a conventional two-level

converter. The flying capacitor (i.e. the capacitor across the DS) in each phase

leg facilitates seamless current commutation between the upper and lower arms,

and eliminates the need for the main DC link capacitor across the positive and

negative DC rails. The modifications introduced to the power circuit require the

proposed converter to adopt a new operating regime that ensures simultaneous

conduction of the upper and lower arms of each phase leg as in the MMC. The

operating principle, modulation methods of the proposed converter, and sizing of

its main components are described in detail, and substantiated by simulations.

7.2 Enhanced multilevel modular converter

7.2.1 Motivation

In general, the MMC synthesises AC voltage by inserting and bypassing cells in

the upper and lower arms such that the blocking voltage of the inserted cells in

both arms is slightly larger or smaller than the imposed DC link voltage [101].

In MMC with large numbers of cells per arm, where each cell is rated for a

small voltage ranging from 1.6-3 kV, the nearest NLC scheme synthesises high

quality AC and DC side waveforms. In contrast, in MMC with relatively small

numbers of cells per arm, where the rated voltage per cell ranges from 15-20 kV,

PWM is widely used to facilitate the accurate synthesis of the output AC and

DC voltages. Future advances in SiC devices may allow single IGBTs to be rated

up to 12.5 kV [102], and could result in cells with higher rated voltage. The use

of series-connected switching devices in the high voltage cells of an MMC with

a reduced number of cells (e.g. 40 for a 640 kV HVDC converter) introduces

significant errors to the output AC and the cm voltages of the three MMC legs

and high-frequency components in the arm currents as shown in Fig. 7.1(a) and

7.1(b).
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Figure 7.1: Internal voltage and current comparison of 40 and 400 cell MMC (P :
1000 MW, VDC : 640 kV, Larm: 0.05 p.u.).

To satisfy the harmonic requirements specified by the grid code [103], an AC

filter is required to reject the high-frequency PWM harmonics. A DC filter is

required to remove the voltage mismatch that may cause ripple resulting from

transitions between the different voltages, as depicted in Fig. 7.1(c). Under fast-

acting current interruption, i.e. DCCBs with operating times in the range 2-

5 ms, over-sizing of the arm inductors is unnecessary [104]. Increased voltage

error due to the use of large switching voltages increases the magnitudes of the

high-frequency currents and voltages to be injected into the DC side. Relatively

large arm inductors are therefore required to suppress the high-frequency com-

ponents of the circulating currents. Thus, an increased number of levels with

smaller switching voltages improves the power quality of the AC and DC side

waveforms, as well as the arm waveforms, and eliminates or minimises passive

filtering requirements.

It should be emphasised that DC fault blocking is not one of the motivations

behind the proposed MMC, especially as the maximum negative voltage its FB

chain-link produces is negligible and insufficient to facilitate DC fault blocking.
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Instead, the proposed MMC is an enhancement to improve the quality of the AC

and DC side waveforms, for HB or FB MMCs that employ medium-voltage cells

predominantly.

7.2.2 Proposed EMMC

The proposed topology may be considered as an enhancement of the basic MMC

since the fundamental operating principle is retained. Each arm of this EMMC

as shown in Fig. 7.2, consists of two types of chain-link: the HB chain-link and

the FB chain-link.

The total blocking voltage of each of the upper and lower HB chain-links is

equal to the full DC voltage. To support this voltage, series-connected IGBTs

may be required in the HB cells, as shown in Fig. 7.2. The total blocking voltage

of the FB chain-link is equivalent to half the rated voltage of an HB cell. The

HB and FB cell voltages are described as:

Vcell−hb =
VDC
Nhb

(7.1)

where Vcell−hb is the voltage across an HB cell, Nhb is the number of cells in the

Larm
Ccell−fb
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VDC

2·No
MMC
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Figure 7.2: Phase representation of EMMC topology.
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HB chain-link, and VDC is the pole-to-pole DC voltage, and

Vcell−fb =
Vcell−hb
2Nfb

(7.2)

where Vcell−fb is the voltage across an FB cell and Nfb is the number of cells in

the FB chain-link of each arm. Each arm will have a total number of cells N,

defined in (7.3).

N = Nhb +Nfb (7.3)

When compared to a conventional MMC where the number of levels is given

by (7.4), the unique multiplication property of the EMMC offers an increased

number of voltage levels given by (7.5), with each converter having the same

number of cells as given in (7.3).

N o
MMC = N + 1 (7.4)

where N o
MMC and N o

EMMC represent the numbers voltage levels per arm in the

conventional MMC and the EMMC respectively.

N o
EMMC = 2Nhb ·Nfb + 1 (7.5)

Fig. 7.3 depicts the ideal synthesis of the total arm voltage and voltages of the

HB and FB chain-links, assuming an illustrative EMMC with 4 HB cells and 2

FB cells per arm, with all voltages being normalized to DC voltage VDC . Fig.

7.3(a) shows that the HB chain-link of each EMMC arm synthesizes a stepped

approximation of the sinusoidal fundamental voltage Vchainhb with a major voltage

step equal to 0.25p.u. (Vcell−hb = 1
4
VDC = VDC

Nhb
), whilst the FB chain-link of each

arm synthesizes a bipolar voltage Vchainfb with positive and negative peaks of

±0.125p.u. (±1
2
· 1

4
VDC = ±1

8
VDC = ± VDC

2Nhb
= 1

2
Vcell−hb) and minor a voltage step

of 0.125
2
p.u. (1

2
· 1

8
VDC = 1

16
VDC = ± VDC

2Nfb
·Nhb = Vcell−hb

2Nfb
). Observe that the total arm

voltage Varm is the algebraic sum of the voltages Vchainhb and Vchainfb , synthesized

by the HB and FB chain-links respectively. The Varm inherent a minor voltage

step, equal to a single FB cell ( Vdc
2NhbNfb

= Vcell−hb
2Nfb

). The positive and negative

peaks of Vchainfb in each arm are limited to ±1
2
Vcell−hb, which suggests that the

minimum blocking voltage of the FB chain-link is 1
2
Vcell−hb. Based on Fig. 7.3,

the illustrative EMMC consisting of 4 HB and 2 FB cells can generate 17 discrete

voltage levels in each arm. The arm voltage level genereation can be expressed

generically as 2NfbNhb + 1.

The HB cell capacitance may be expressed in terms of the arm equivalent

151



0 0.005 0.01 0.015 0.02

−0.125

0.125

−0.25

0

0.25

0.5

0.75

1

1.25

VchainHB

Varm

VchainFB

Time [s]

V
ol
ta
g
e
[p
.u
.]

(a) Generated voltage waveforms

0 0.0025 0.005

−0.125

0.125

−0.25

0

0.25

0.375

0.5

0.625

Vcell−fb

Vcell−fb

Vcell−hb

Vcell−hb

VchainHB

Varm

VchainFB

Time [s]

V
ol
ta
g
e
[p
.u
.]

(b) Focused generated voltage wave-
forms

Figure 7.3: The internal synthesized voltages of EMMC.

capacitance Ccell−tot as

Ccell−hb = Carm−tot ·Nhb (7.6)

where Ccell−hb is the cell capacitance for the HB chain-link. Similarly, the cell

capacitance Ccell−fb for the FB cell is expressed in terms of HB cell capacitance

Ccell−hb and the number of FB cells Nfb as

Ccell−fb = Ccell−hb ·
Nfb

2
(7.7)

The total capacitance of the FB chain-link is equal to half the total HB cell ca-

pacitance. This is achieved by increasing the FB cell capacitance as described by

(7.7). In the industry, cell capacitor sizing is based on stored energy criteria and

considers volume and capacitor voltage ripple. Values in the range 30-40kJ/MW

are commonly considered and (7.6) and (7.7) guarantee that the cell capacitor

voltage ripple will not exceed 10%, which is a commonly used design value in

conventional MMC [77]. It should be noted that the FB cells in the EMMC are

not intended to facilitate DC fault blocking or reduced DC link operation, and

that the proposed concept of incorporating FB chain-links with minor voltage

steps could be extended to other MMC variants, such as the MC and FB-MMC.

Operating principle

The operating principle of the EMMC is illustrated in Fig. 7.4.

The EMMC uses the HB chain-link rated at full pole-to-pole DC voltage

to synthesise the fundamental voltage with major voltage steps, VDC
Nhb

, as shown

in Fig. 7.4(a). The FB chain-link, with combined blocking voltage equivalent

to half that of an HB cell Vcell−hb, acts as an active power filter (APF) and
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generates a multilevel waveform with minor voltage steps of VDC
2·Nhb·Nfb

. Thus, the

FB chain-link a facilitates smooth transition between the major voltage levels

through intermediate voltage levels separated by minor voltage steps. Since the

HB chain-link synthesises the fundamental component of the arm voltage, the

continuous modulating signal mhb is used to estimate the number of HB cells to

be inserted and bypassed in each arm on a discrete basis, as shown in Fig. 7.4(a).

Equally, the FB chain-link is required to inject voltage harmonics into each arm.

Thus the modulating signal of the FB chain-link is extracted as an error between

the target fundamental voltage and its switched equivalent, as shown in Fig.

7.4(b). The modulating signals for the HB and FB chain-links are:

mhb = M · cos(ωt+ δ) (7.8)

mhbNLM = round(mhb ·Nhb) (7.9)

mfb = mhb ·Nhb −mhbNLM (7.10)

mfbNLM = round(mfb ·Nfb) (7.11)

where M represents modulation index amplitude. Equations (7.8)-(7.11) show

that the FB and HB cell modulation indices are created from the same reference.

Fig. 7.4 shows that the HB chain link in each arm generates a staircase voltage

with Nhb+1 levels, with a pre-defined major voltage step defined in (7.1) between

two consecutive voltage levels. In contrast, the FB chain link in each arm gen-

erates a bipolar voltage consisting of 2Nfb + 1 levels with step voltage of Vcell−fb
defined in (7.2). The FB cells are switched to produce positive and negative

output voltage steps around an artificial zero voltage level that is synchronised

with the edges of mhbNLM . Fig. 7.4(c) shows the ideal modulating signals of the

HB and FB chain-links normalised for the synthesis of the minor voltage lev-

els between two successive major voltage levels. Conventional capacitor voltage

balancing techniques, such as the sorting, tolerance band and cell reference mod-

ulation methods, can be applied to both EMMC chain-links [105, 106, 107, 108].

Converter analysis

In the following analysis, subscript j defines the phase index (i.e. j = a, b, c) and

subscript k defines the upper and lower position of the arm (i.e. k = u for the

upper arm and k = l for the lower arm). The FB and HB cell capacitor currents
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can be described in terms of arm currents and their switching functions as

mhb
∼=

Nhb∑
i=1

[
Scell−hbNhb,j,k

]
(7.12)

mfb
∼=

Nfb∑
i=1

[
Scell−fbNfb,j,k

]
(7.13)

icell−hbNhb,j,k = scell−hbNhb,j,k · ij,k (7.14)

icell−fbNfb,j,k = scell−fbNfb,j,k · ij,k (7.15)

Each arm voltage varmj,k is formed by the summation of individual cell voltages

vcell−hbNhbj,k(t) and vcell−fbNfbj,k(t) as described in (7.19).

vcell−hbNhb,j,k(t) =
1

Ccell−hb
·
∫ (

icell−hbNhb,j,k(τ)

)
dτ (7.16)
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vcell−fbNfb,j,k(t) =
1

Ccell−fb
·
∫ (

icell−fbNfb,j,k(τ)

)
dτ (7.17)

varmj,k =

Nhb∑
y=1

[
scell−hbNhb,j,k · vcell−hbNhb ,j,k

]

+

Nfb∑
y=1

[
scell−fbNfb,j,k · vcell−fbNfb,j,k

] (7.18)

varmj,k = mhb · Vctot−hb +mfb · Vctot−fb (7.19)

The instantaneous cm voltage the MMC phase legs present at its DC terminals

can be expressed in terms of the instantaneous upper and lower arm voltages

(varmj,u ,varmj,l) as

Vcm = varmj,u + varmj,l = VDC ± dV (7.20)

where dV represents the DC voltage drops across the internal resistances of the

arm reactors and switching devices in the upper and lower arms. Synthesis of the

AC voltage, as well as the AC, common-mode and circulating currents, is similar

to that in the conventional MMC [101]. Fundamentally, the necessary condition

for cell capacitor voltage balancing is that the energy exchange between the cell

capacitors of the HB and FB chain-links, and both chain-links with the AC side,

must be zero, as described in (7.21) and (7.22).

EHBj,k =

∫ T

0

(
mhb · iarmj,k(τ)

)
dτ = 0 (7.21)

EFBj,k =

∫ T

0

(
mfb · iarmj,k(τ)

)
dτ = 0 (7.22)

It should be noted that incorporation of the very limited number of FB cells into

each arm of the proposed EMMC may affect the magnitudes of the low-order char-

acteristic harmonics and the high-frequency harmonics of the circulating currents.

The DC offset of the modulating signal mfb of the FB chain-link is manipulated

in order to ensure that the FB chain-link exchanges zero net energy or active

power with the FB chain-link and AC side.

Modulation index mfb is adjusted according to the FB cell energy as described

in (7.23).

Wfbj,k =
1

Nfb

Nfb∑
i=1

Ccell−fb · v2
cell−fbNfb,j,k

2
(7.23)
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Figure 7.5: EMMC control structure.

Fig. 7.5 shows the overall controller structure of the proposed EMMC. The

horizontal and vertical energy balance controllers, and the outer and inner current

controllers define the modulation index for the HB chain-link. The vertical (arm

balancing) controller is responsible for ensuring that the DC voltages across the

upper and lower arms of all three phases are equal (zero differential voltage or

energy).

The horizontal (average capacitor voltage or energy) controller is responsible

for ensuring that the three phase legs have the same DC voltage to prevent DC

circulating currents between the phase legs. The FB chain-link energy controller

ensures that the energy stored in the upper and lower arm FB chain-links is bal-

anced. This is achieved by injecting a small DC component into the modulation
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index of the FB chain-links. Also, the CCSC modifies the FB chain-link modula-

tion index in order to reduce the switching instances of the HB cells, and hence

switching losses.

If HB cells are used in place of FB cells, the NLM algorithm must be modified

accordingly, i.e. replacement of the ‘round’ function in (7.9) and (7.11). Addition-

ally, twice as many HB cells will be required, leading to increased cell capacitance

without any additional benefit. Also instead of the previously described DC offset

manipulation, distributed capacitor voltage balancing [109] in the FB cells could

be used to prevent departure of the cell voltage from its nominal value.

Modulation schemes

Table 7.1 lists a number of hybrid modulation techniques which are applicable

for controlling the EMMC HB and FB chain-links. The first scheme is well-

suited to the low number of HB and FB cells. Application of PWM to the HB

chain-link with major voltage steps permits accurate synthesis of the fundamental

voltage over the full modulation index linear range. FB cell balancing is therefore

readily achievable over the full modulation range as the FB chain-links will not

be forced to produce fundamental voltage (or exchange non-zero active power).

This scheme is not however preferred due to the increased complexity of the

implementation, difficulty in synchronising two high-frequency modulations, and

switching loss concerns. By incorporating SHE, the second scheme in Table 7.1

offers similar attributes to the first scheme for low numbers of HB and FB cells,

including operation over the full modulation index range. Its extension to MMC

with large numbers of HB cells is, however, problematic with regard to calculation

of switching angles and implementation, particularly at high modulation indices

where several angles will be inseparable. The third scheme in Table 7.1 inherently

has all the features of the second scheme when it is applied to MMC with large

numbers of HB cells. When it is applied to MMC with reduced numbers of

HB cells, its inability to accurately synthesise the required fundamental voltage

during operation at low modulation indices increases the risk of voltage imbalance

in the FB cells, as the FB chain-link will be required to contribute fundamental

voltage. The fourth scheme is well suited for MMC with large numbers of HB

and FB cells. Thus, it is able to operate over the full modulation index and power

factor range.
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Table 7.1: EMMC modulation schemes.

Scheme
HB

Chain-link

FB

Chain-link

1 PWM PWM

2 SHE PWM

3 NLM PWM

4 NLM NLM

Converter power losses

The increased semiconductor losses in the EMMC when compared to the conven-

tional MMC are highly dependent on the relationship between the HB cell voltage

and the DC link voltage. Due to FB cell operation, the additional conduction

losses are equivalent to those of one HB cell and, as a result, the FB losses will

be a small proportion of the total arm losses, as shown in (7.24).

PEMMCcond =
Nhb + 1

Nhb

· PMMCcond (7.24)

Fig. 7.6 shows the correlation between the number of HB cells and the increase

in total semiconductor losses, but does not consider the potential reduction in

switching and passive filter losses. As the number of HB cells increases the

incremental semiconductor losses decrease.

Fig. 7.6(b) and Table 7.2 present a semiconductor loss comparison between

the conventional MMC implementations (40-cell MMC and 400-cell MMC) and

the EMMC. Table 7.2 and Fig. 7.6(b) display semiconductor losses for the 400-cell

HB-MMC that uses silicon IGBTs (MMC400Si−IGBT ), the 40-cell HB-MMC that

uses silicon IGBTs (MMC40Si−IGBT ), the EMMC with 40 HB cells and 5 FB cells,

where both HB and FB cells employ silicon IGBTs (EMMC40+1Si−IGBT ), and the

EMMC with 40 HB cells and 5 FB cells, where the HB cells use Silicon IGBTs and

the FB cells employ silicon carbide (SiC) MOSFETs (EMMC40+1SiC−Mos
). The

semiconductor losses displayed are computed from a detailed power loss model

which accounts for junction temperature, IGBT and diode threshold voltages,

on-state resistance, turn-on and turn-off energy, and diode recovery energy.

Fig. 7.6(b) and Table 7.2 show that the EMMC has marginally higher con-

duction loss compared to conventional the MMC with 40 and 400 cells per arm,

when all MMCs being compared employ the same silicon IGBTs. Amongst the

silicon IGBT MMCs, the 400-cell MMC exhibits the lowest switching loss, fol-

lowed by the proposed EMMC, while the conventional 40-cell MMC exhibits the

158



highest switching loss. As a result, the overall semiconductor loss of the EMMC

is slightly lower than that of the conventional 40-cell MMC, with the conventional

400-cell MMC exhibiting the lowest overall semiconductor loss. Additionally, the

results in Fig. 7.6(b) and Table 7.2 show further reduction in semiconductor loss

of the EMMC is possible by adopting wide-band-gap switching devices such as

silicon carbide MOSFETs.
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Figure 7.6: (a) Semiconductor loss increase versus the number of HB cells, (b)
Semiconductor loss comparison between conventional MMC and EMMC with
Si-IGBTs and SiC-MOSFETs.

Table 7.2: Semiconductor loss comparison between conventional MMC and
EMMC

Losses MMC400Si−IGBTMMC40Si−IGBTEMMC40+1Si−IGBTEMMC40+1SiC−Mos

Conduction [MW] 4.75 4.75 4.87 4.87

Switching [MW] 1.14 1.75 1.45 1.35

Total [MW] 5.89 6.50 6.32 6.22

Based on the basic design presented, the EMMC increases semiconductor

count by 2.5%, which can be easily offset by other design considerations such as

cell redundancy.

7.2.3 Topology validation

Table 7.3 shows the simulation and experimental test-rig parameters used to

substantiate the viability of the EMMC. In both simulation and experimentation,

the HB chain-link is controlled using NLM, whilst the FB chain-link is controlled
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using high frequency PWM with 2.5 kHz level-shifted carriers (one carrier per FB

cell). Both chain-links adopt sorting based capacitor voltage balance strategies.

The sizing of the HB cell capacitance is derived from a scaled system with inertia

of 40 kJ/MVA (equivalent to 40 ms). On a similar basis, the arm inductance is

calculated to be 0.2 p.u.

Table 7.3: EMMC specification.

Parameter Value

VDC [V] 300

RLOAD [Ω] 17

Nhb / Nfb 4/4

fS [kHz] 2.5

Larm [mH] 5

Chb / Cfb / Cf [mF] 2.2 / 4.4 / 5

Simulations

Simulation results, where one phase of the EMMC operates under open-loop

control with a modulation index of 0.85 and a resistive load of 17 Ω, are shown

in Fig. 7.7. Fig. 7.7(a) shows the low-frequency modulation of the HB chain-

link voltage waveform using NLM, while Fig. 7.7(b) shows the high-frequency

modulation of the FB chain-link using PWM as described in Section 6.3.3. It

is observed that the synthesised switched voltage, which is a step approximation

of a sinusoidal waveform by the FB chain-link, occupies the full DC-link voltage

range of VDC , whilst the FB chain-link occupies a voltage range equivalent to

half that of an HB cell, and is a small fraction of VDC according to (7.2). Fig.

7.7(a) to 7.7(d) indicate that the voltages across the cell capacitors of the HB

and FB chain-links, and consequently the voltages across the switching devices

if both chain links, are tightly regulated around the desired steady-state values.

Fig. 7.7(e) shows the total upper and lower arm voltages, which are synthesised

by HB chain-links comprising four HB cells each and providing large step voltage

transitions, and FB chain-links which consist of four FB cells providing small step

voltage transitions. It can be seen that the upper and lower arm voltages exhibit

a substantial increase in the number of voltage levels, amounting to 2·Nhb ·Nfb+1

as described in Section 6.3.1. Although this illustrative simulation uses only four

HB cells and four FB cells, shown in Fig. 7.7, the EMMC arm voltage accurately

reflects the modulating signal of a conventional MMC with 32 cells per arm. Fig.

7.7(f) shows that the common-mode voltage (or instantaneous sum of the upper
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and lower arm voltages) that the EMMC presents at its DC terminals exhibits

some high-frequency content due to switching edge mismatch. Fig. 7.7(g) and

Fig. 7.7(h) show that the EMMC produces high-quality sinusoidal output phase

voltage and current waveforms even though it is feeding a purely resistive load.
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Figure 7.7: EMMC simulation results.

Experimental set-up

This section presents experimental results for a prototype single phase of an

EMMC, which is based on an existing four cell per arm conventional MMC test-

rig that was upgraded to the EMMC topology by the addition of FB chain-links
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and the necessary control system, as shown in Fig. 7.3(a). A 50 Hz sinusoidal

reference (modulating) signal is generated externally and fed to Cypress Semicon-

ductor 32-bit Arm Cortex-M3 PSoC 5LP low-power microcontroller units MCU

1 and MCU 2. MCU 1 manages NLM and capacitor balancing of the upper and

lower HB chain-links, whilst MCU 2 is dedicated to high-frequency level shifted

PWM (fs=2.5 kHz) and capacitor voltage balancing of the upper and lower FB

chain-links. This approach ensures that the fundamental voltage components

generated by the upper and lower chain-links are synchronised and completely

complementary so as to avoid any potential voltage mismatches between the arms

which could be reflected in the AC and DC voltages. Moreover, the synchronisa-

tion of each arm HB and FB chain-link is achieved from the reference, and does

not need internal communication or clock-synchronisation.
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Figure 7.8: Experimental configuration: (a) HB and FB chain-links, (b) converter
cell, (c) schematic diagram.

As in the simulation, each HB and FB chain-link consists of four cells, and

the capacitances of the HB and FB cells are 2.2 mF and 4.4 mF respectively.

Two capacitors (Cf= 5 mF) with split mid-point are connected across the DC

power supply, as shown in Fig. 7.3(a), to create a return path for the single-phase

arrangement. A 17 Ω resistive load is connected to the converter AC side.

162



The experimental tests replicate the simulation study to enable direct compar-

ison of the results. Fig. 7.9 shows that the experimental waveforms for the volt-

ages across the HB and FB chain-links of the upper and lower arms, the HB and

FB cell capacitor voltages, the upper and lower total arm voltages, the common-

mode voltage, and the output phase voltage and current correspond well with

the simulation waveforms illustrated in Fig. 7.7. The low-energy, high-frequency

voltage and current spikes are due to small switching mismatches introduced by

dead-time, differences in the turn-on and turn-off times, rapid reference tracking

and EMI. The adverse impact of these factors is amplified in the experimental

waveforms in Fig. 7.9 due to the relative size of the minor voltage steps of the

FB cells to those of the major voltage steps of the HB cells. In a full-scale sys-

tem, where the ratio of the minor to major voltage steps will be of the order of

0.1 or less, these current spikes would be expected to be attenuated by the arm

inductors.

Detailed quantitative converter comparisons

To complement the simulation and experimental validation presented in Sections

6.4.2 and 6.4.3, this section demonstrates the scalability of EMMC to high-voltage

applications, using full-scale models developed in the EMPT simulation environ-

ment, and considers a number of implementations and comparisons with con-

ventional MMCs. Details of the various MMC configurations being compared

are shown in Table 7.4. In these simulations, the conventional MMC with 40

medium-voltage cells uses PWM and that with 400 cells uses NLC, while the HB

and FB chain-links of the EMMC use NLM.

Fig. 7.10 shows simulation waveforms for the conventional MMC with 40 and

400 HB cells, and the EMMC withNhb=40 andNfb=5. The plots for output phase

voltages and currents in Fig. 7.10(a) and 7.10(b) show that all converters being

compared produce high-quality output voltages. However, the proposed EMMC

with 40 medium-voltage HB cells (each rated at 16 kV) and 5 FB cells (each rated

at 1.6kV) produces an output phase voltage with similar THD and dv/dt to that

of the MMC with 400 HB cells (each rated at 1.6 kV), and which are improved

compared to those of the conventional MMC with 40 HB cells. For conventional

MMCs with 40 HB cells and 400 HB cells, and the proposed EMMC with 40

HB cells and 5 FB cells, the output voltage THD is 1.47%, 1.32% and 1.28%

respectively. The output phase current quality for the three converters being

compared is very similar as the arm inductances are sufficiently large to filter the

high-frequency switching components from the arm and output phase currents,

observed in Figs. 7.10(b) and 7.10(d). The arm voltages shown in Fig. 7.10(c)
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(g) Output AC voltage
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Figure 7.9: EMMC experimental results.

confirm that the EMMC with fewer medium-voltage HB cells is able to match

the performance of the conventional MMC with a large number of low-voltage

HB cells in terms of waveform quality and dv/dt to affect any AC equipment

that will be connected to its AC side. The DC-link currents and common-mode

voltages shown in Fig. 7.10(e) and 7.10(f) highlight the injection of significant

high-frequency harmonic components into the DC side of the conventional MMC

with 40 medium-voltage HB cells when compared to the conventional MMC with

400 HB cells and the proposed EMMC with 40 HB and 5 FB cells, where DC

link voltage ripple is 5.18%, 0.22% and 0.25% respectively.

The reason is that the large switching cell voltage of the conventional MMC

164



−300

−150

0

150

300
(a
)
U
A
C

[k
V
]

40 HB cells 400 HB cells 40 HB and 5 FB cells

−2500

−1250

0

1250

2500

(b
)
I A

C
[A

]

0

200

400

600

(c
)
v a

r
m

[k
V
]

−900

0

900

1800

(d
)
i a

r
m

[A
]

1100

1300

1500

1700

1900

(e
)
I D

C
[A

]

610

630

650

670

(f
)
V
c
m

[k
V
]

0.005 0.015
0

100

300

500

700

time [s]

(g
)
V
c
t
o
t
−

h
b
[k
V
]

0.005 0.015

time [s]

0.005 0.015

time [s]

14

15

16

17

18

V
c
t
o
t
−

f
b
[k
V
]

Figure 7.10: Comparison of the HB-MMC with 40 cells (left column), 400 cells
(middle column) and EMMC with 40 HB cells and 5 FB cells (right column).

165



with 40 medium-voltage HB cells (Vchb40=16 kV) creates larger errors in the

instantaneous magnitudes of the common-mode voltage compared to an MMC

with 400 HB cells (Vchb400=1.6 kV) and the proposed EMMC. In practice, the DC

link voltage ripple would be exacerbated in the MMC with 40 cells due to the

dead-times and the significant mismatch between the turn-on and turn off timings

of the series-connected IGBTs. The sum of the HB cell capacitor voltages of the

conventional MMC with 40 and 400 cells, and of the EMMC with 40 HB and

5 FB cells are displayed in Fig 7.10(g). The total capacitor voltage for the HB

cells for all converters shows identical voltage levels, whilst the total FB capacitor

voltage of the EMMC is only a small proportion of the total HB cell voltage.

Furthermore, Figs. 7.11(a) and 7.11(b) show that the voltage stresses in the

HB and FB cell capacitors and the switching devices of the proposed EMMC are

well regulated. Figs. 7.11(c) and 7.11(d) show the voltages synthesised by the

EMMC HB and FB chain-links that constitute the total arm voltage shown in

the right-hand column of Fig. 7.10(c).

These plots show that the FB chain-link voltage represents a small fraction

of the total arm voltage, with a switching pattern and timing that indicate any

potential brief loss in synchronisation of the switching instants of the HB and FB

chain-links (typically, of the order of few µs) will create low energy voltage spikes

(which, in the worst-case, will have a peak value be limited to one half of an HB

Table 7.4: Detailed quantitative converter comparisons specifications.

N o cells Nhb=40 Nhb=400
Nhb=40
Nfb=5

HB chain-link
modulation

PWM NLM NLM

FB chain-link
modulation

- - NLM

HB cell
voltage [kV]

16 1.6 16

FB cell
voltage [kV]

- - 0.8

HB cell
capacitance [mF]

1.30 13.02 1.30

FB cell
capacitance [mF]

- - 6.51

P [MW] 1000
VDC [kV] 640
Larm [p.u.] 0.05
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(d) FB capacitor voltages

Figure 7.11: EMMC internal chain-link and capacitor voltages.

cell voltage) in the arm voltage, which will be absorbed instantly by the upper and

lower arm inductances, thus, no distortion will be observed in the output phase

voltage. The output voltage spectra shown in Fig. 7.12 confirm the improved

harmonic performance of the EMMC compared to that of the conventional HB-

MMC with 40 medium-voltage cells.

Fig. 7.13 shows that for a large range of cell numbers, the EMMC can produce

the same high-quality output AC voltage (THD, number of voltage levels and

dv/dt), DC voltage and current ripple as a conventional MMC with a large number

of cells.

7.2.4 Medium-voltage application

In the previous sections, it has been shown that the EMMC can produce a large

number of voltage steps with a reduced number of cells per arm. Although

the EMMC is intended for HVDC applications, it is possible to apply the same

concept for medium-voltage (MV) applications. Usually, the voltage in MV ap-

plications does not need series connection of semiconductors, as state-of-the-art

IGBTs can support up to a few kV. As a result an MV-EMMC can have exactly
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the same circuit as the one that was used in the experimental set-up. One of the

best applications for EMMC could be WTs. A WT can benefit from MMC tech-

nology as it reduces or even removes the AC passive filter requirements. Moreover,

the EMMC can generate high-fidelity AC and DC waveforms with a low number

of components (capacitors, semiconductors), which is ideal for installations with

reduced space for equipment and voltage clearances, as in WT applications. An

EMMC can also operate with an effective switching frequency up to 100 kHz,

compared to the 2-3 kHz of the two and three level topologies. As a result, res-

onances that are created through the cables can be readily attenuated, as these

resonant frequency components are significantly higher up in the frequency range

than the converter fundamental frequency. The EMMC facilitates a less complex

topology for a direct-drive WT, without the need of active filtering or a DC-DC

converter. Fig. 7.14 shows the topology of the WT, which consists of a diode

rectifier (DR) connected to the permanent-magnet generator (PMG), with an

EMMC providing the grid interface.
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Figure 7.12: Phase voltage spectra, 40 cells, 400 cells and EMMC with 40 HB
cells and 5 FB cells
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Figure 7.13: Comparison of EMMC and conventional MMC perfomance for dif-
ferent numbers of cells.

DR EMMC

G

PMGBlades Transformer Grid

Figure 7.14: Proposed direct-drive WT incorporating EMMC and DR.

Operational concept

In the proposed WT topology, only the EMMC is able to be controlled actively.

The DC voltage of the DR VDCDR can be described as

VDCDR =
√

2 · VLLDR ·
3
√

3

π
≈ 1.35 · VLLDR (7.25)
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where VLLDR is the DR AC line-to-line voltage. For a fixed VLLDR across the DR,

the DC voltage is also considered to be fixed. Assuming that the EMMC operating

in DC voltage control mode can be considered to be a controlled voltage source,

the power transfer PDR can be described as a function of the voltage difference

between the EMMC and the DR, as shown in (7.26)

V ∗DCMMC
= kv

PDR
IDC

= (VDCDR − VDCMMC
) (7.26)

where kV regulates the power flow in the system, and is limited by the range

of DC voltage control that the MMC allows. This concept is illustrated by the

equivalent circuit of Fig. 7.15.

VDCDR
VDCMMC

IDC

Figure 7.15: Equivalent circuit of DC link.

Equation (7.26) shows that it is possible to control the active power through

the difference of DC voltage between the DR and EMMC. As a result, if the

EMMC operates in DC voltage control mode, it can have a degree of control

over the active power. In such a configuration the EMMC can directly control

the power and DC voltage of the WT by adjusting the DC link voltage. Such a

feature it is not possible in converters that adapt two and three level topologies,

where the DC voltage has to be operate in a stiff fixed mode.

Simulations

Simulation results in Fig 7.16 and Fig. 7.17 show the operation of the proposed

WT system incorporating the EMMC. Table 7.5 shows the specifications of the

WT system.

Fig 7.16 illustrates operation for a sudden change in torque at t = 9 s. As

the rotor speed increases in response, the DC voltage adapts according to (7.26),

and power is extracted. An active change in DC reference at t = 20 s also leads

to increased power extraction as explained in (7.26).

Fig. 7.17 illustrates the operation of the proposed WT system under variable

wind speed. The DC voltage adapts according to the mechanical torque which is

generated from the wind.
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Table 7.5: EMMC and DR WT system specifications.

Parameter Value

P [MW] 3

VDC [kV] 3.6

VLLGRID [kV] 66

VLLDR [kV] 2.67

EMMC cells
Nhb = 10

Nfb = 5

(a) DC link voltage (b) Output power

(c) Torque (d) Rotor speed

Figure 7.16: Demonstration of active power control through DC voltage.

AC voltage and current spectra for the EMMC and the DR are shown in

Fig. 7.18. Figs. 7.18(a) and 7.18(b) show that the EMMC produces high fidelity

voltage and current without the necessity of passive filtering. The DR voltage and

current contain significant 7th harmonic components as shown in Figs. 7.18(c)

and 7.18(d) respectively. Whilst this 7th harmonic component may contribute to

mechanical wear of the WT it is a positive sequence component and therefore it

contributes to power transfer.
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(a) Output power (b) Torque

(c) DC link voltage (d) Wind speed

Figure 7.17: Demonstration of operation during variable wind-speed.

(a) EMMC phase voltage spectra (b) EMMC phase current spectra

(c) DR phase voltage spectra (d) DR phase current spectra

Figure 7.18: EMMC and DR AC voltage and current frequency spectra.

7.3 Improved Alternate Arm Converter

7.3.1 Background

At present, there are two competing approaches to the realisation of DC fault

blocking converters. The first approach incorporates FB cells into variants of the

MMC, and results in the FB-MMC and MC-MMC. This approach is attractive

due to its efficiency and power quality, and is well suited for applications with
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confined space, such as offshore WFs. The second approach employs hybrid

converters, such as the AAC, that combines the basic operation of an MMC or

cascaded multilevel converter with a conventional two-level converter. The AAC

has, for example, fewer cells than the equivalent MMC, making it suitable for

applications with reduced space requirements. However, due to its fundamental

operating regime, it has inferior power quality and performance during DC and

asymmetric AC faults. Most of these hybrid topologies lack the power quality of

an MMC and require filters, thereby making the claim of total converter station

footprint reduction debatable.

This chapter presents an IAAC that utilises FB chain-links and a flying ca-

pacitor (FC) across the upper and lower arm DS of each phase leg to mimic

the fundamental operation of the conventional three-level Flying Capacitor Con-

verter. The FB chain-link in each arm of the IAAC is rated for a fraction of the

full DC-link voltage, while the FC and the DS are rated for half of the DC-link

voltage. The operating principle, modulation and energy management of the FB

chain-links and FC are described in detail. The arm currents of the IAAC do not

exhibit abrupt changes, irrespective of load power factor. The consequent low

di/dt ensures that converter components are not subject to excessive overvolt-

ages. These characteristics contribute to a significant improvement in the quality

of the AC and DC-side waveforms generated by the proposed converter, making

the need for AC and DC filtering unnecessary.

7.3.2 Proposed topology

Converter design and operation

Fig. 7.19 shows one phase leg of the IAAC topology. Each arm of the IAAC

consist of series-connected FB cells (an FB chain-link) and a DS. An FC is con-

nected across the DS in the upper and lower arms of each phase leg. The FC

in each phase leg is rated for half of the DC link voltage VDC . Modulation of

the proposed IAAC must therefore utilise the FC in each phase leg to alternately

connect directly to the upper and lower arms, principally during the synthesis of

voltage levels above VDC
2

. The FB chain-link in each arm is utilised to synthesise

voltage levels below VDC
2

. To extend the modulation index linear range to 1.27

p.u. as in the conventional AAC, the FB chain-link in each arm of the IAAC must

be sized to block 2
π
VDC . This design extends the voltage generation capability of

the FB chain-link of each arm to 2
π
VDC , and offers extra redundancy for voltage

synthesis in the voltage range between 0 and 2
π
VDC , which could be used to ensure

the energy balance of the FC and FB cell capacitors. For over-modulation, the
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Figure 7.19: IAAC topology.

AC voltage reference mrefj that originates from the controller has to be modified

by the inclusion a 4
π

term as in (7.27).

mrefj =
4

π
M cos(ωt+ δj) (7.27)

Subsequently, the AC reference is normalised for setting the total arm voltages

mnormj,k as described in (7.28).

mnormj,k =
1±mrefj

2
(7.28)

The normalised reference is manipulated for modulating the FB chain-linkmchainj,k

and for DS operation SDSj,k , as described in (7.29) and (7.30).

mchainj,k =

 mnormj,k − 0.5 if mnormj,k > 0.5

mnormj,k if mnormj,k < 0.5
(7.29)

SDSj,k =

 1 if mnormj,k > 0.5

0 if mnormj,k < 0.5
(7.30)

The modulating voltage references are illustrated in Fig. 7.20.

Conventional capacitor voltage balancing techniques such as sorting, tolerance

band and cell reference modulation methods can be applied to the chain-links.
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(a) Current controller modulation reference (b) Director Switch switching patterns

(c) Phase upper and lower chain-link
reference signals

(d) Normalised arm reference voltages

Figure 7.20: IAAC modulation references.

FC voltage balance is achieved by observing the arm current polarity and manip-

ulating the DS, taking into account the voltage magnitude across the FC. Fig.

7.21 shows the conduction paths in the upper and lower arms of the IAAC as it

synthesises different output phase voltage levels for positive output phase current

(i.e. when output current flows from the converter toward the AC grid). Notice

that the two arms of the IAAC conduct simultaneously, and that turning the arm

DS on and off bypasses and inserts the FC. The DS in each phase leg operates

in a complementary manner, i.e. turning on the upper arm DS precludes the

lower arm DS from being turned on. Furthermore, turning on the upper arm

DS inserts the FC into the lower arm, and this increases the blocking voltage of

the lower arm to
( 4
π
−1

2
+ 1
)
· VDC , whilst the blocking voltage of the upper arm

remains at 2
π
VDC . This means that with complementary operation of upper and

lower arms of the IAAC, as in the MMC case, the entire voltage in the upper arm

will be synthesised by the FB chain-link, while the voltage in the lower arm will

be synthesised by the combination of the FB chain-link and FC. The opposite is

true when the lower arm DS is turned on.
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(a) Lower DS conduction

(b) Upper DS conduction

Figure 7.21: IAAC current conduction paths and voltage synthesis.

The total inertia HIAAC of the converter is described as:

HIAAC = 3
Ephase
S

(7.31)

The energy requirement of each phase Ephase is defined as

Ephase = 2 · Echain + Efc (7.32)

where Echain and Efc are the energy stored in chain-link and FC respectively. The

stored energy per IAAC is related to the inertia constant HIAAC which is in the

range of 30-40 kJ/MW [77]. The total arm capacitance Carmreq must be sized to

cater for stored energy requirements Echain and Efc and is calculated according

to the chain-link and FC equivalent capacitances, Cchain and Cfc respectively, as
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shown in (7.33).

Carmreq =
Cchain · Cfc
Cchain + Cfc

(7.33)

Since the blocking voltage of the FB chain-link is 2
π
VDC , the number of FB cells

per chain-link NFB is described as:

NFB =
2V̇DC
π · Vcell

(7.34)

where Vcell is the voltage across an FB cell.

Converter analysis

The cell capacitor current in each individual cell can be described in terms of arm

current i(j,k) and the switching function vcellN,j,k described by:

icell−nj,k = (1− scell−nj,k) · ij,k (7.35)

The cell voltage can be described as a function of arm current and cell capacitance

by:

vcell−nj,k(t) =
1

Ccell
·
∫ t

t−∆t

(
icell−nj,k(τ)

)
dτ (7.36)

where ∆t is the time step of the discrete integration. The chain-link voltage is

the summation of the cell voltages, described by:

vchainj,k =

Ncell∑
i=1

[
(1− scell−nj,k) · vcell−nj,k

]
(7.37)

The voltage across the DC link can be expressed in terms of the instantaneous

upper and lower arm voltages (vj,u,vj,l) of the same phase leg, as shown in:

varmj,k = vchainj,k + Vfc · (1− SDSj,k) · dVfc (7.38)

where dVfc is the voltage ripple across FC. The voltage VDS across the DS, which

determines its sizing, is described as:

VDS =
VDC

2
+ dVfc (7.39)

Consequently the DC voltage VDC can be defined by:

VDC = varmj,u + varmj,l (7.40)
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During upper and lower arm conduction, the converter AC voltage ej is described

respectively as:

ej = −vj,u −
Larm

2
· diDSj,u

dt
+ LAC ·

dij,AC
dt

+
VDC

2
(7.41)

ej = vj,l +
Larm

2
· diDSj,u

dt
+ LAC ·

dij,AC
dt
− VDC

2
(7.42)

where Larm and LAC are the arm and AC-side inductances respectively (as shown

in Fig. 7.19). The upper and lower chain-link currents ichainj,k in each phase can

be expressed, respectively, as:

ichainj,u = ifc + iDSj,u (7.43)

ichainj,l = ifc + iDSj,l (7.44)

where ifc and iDSj,k are the FC and DS currents respectively. Phase current ij,ac
and DC current iDC can be defined by (7.45) and (7.46) respectively.

ij, AC = iDSj,l − iDSj,u (7.45)

iDC =
ichaina,u + ichaina,l + ichainb,u + ichainb,l + ichainc,u + ichainc,l

2
(7.46)

It can be seen, therefore, that DC current iDC is synthesised from the DS and FC

currents, and contains a low harmonic ripple due to FC voltage ripple from (7.39).

In contrast to the AAC, this results in continuous symmetrical arm currents

ichainj,k during all IAAC operating modes.

Converter power losses

The semiconductor power losses are calculated using a method previously de-

scribed in Chapter 3, and are compared in Table 7.6 for several converters. The

table also compares the numbers of semiconductor devices in each converter,

with reference to the HB-MMC. Observe that the IAAC has reduced conduction

losses compared to the AAC, whilst the IAAC switching losses are increased due

to hard-switching of the DS. However, the IAAC has lower total losses, primarily

due to the reduced number of semiconductors.

7.3.3 Verification using simulation

This section assesses the viability of the IAAC when it is connected to a stiff

DC source and a strong AC network, and operates in active and reactive power
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Table 7.6: Comparison of losses and numbers of semiconductors.

Topology Cond. Losses [kW] Sw. Losses [kW]
Semiconductors

ratio
HB-MMC 4749 1136 1
MC-MMC 8166 1188 1.5

AAC 8535 1686 1.640
IAAC 7324 1973 1.525

control mode with a decoupled dq current controller similar to the controller

described in Chapter 3. The simulations are based on the parameters shown in

Table 7.7. Fig. 7.22(a) and 7.22(b) show the FB chain-link and DS voltages. The

total arm voltages are synthesised from the FB chain-link and DS voltages, using

over-modulation operation. The FB chain-link provides voltages to enable arm

voltages below zero and above VDC . In contrast to the conventional AAC, the

DS voltages of the IAAC exhibit fast and abrupt switching, which indicates hard

switching and which necessitates the series connection of IGBTs in the DS. The

need for series connection might be considered as a limitation, as the capability

to cater for series connection at hundreds of kV is not widely available. The FC

capacitor voltage is aligned with the top fluctuation of DS voltage, it settles at VDC
2

and exhibit ripple of ±8%. The FC capacitor voltage charging and discharging

profile is according to the AC current sign. The arm currents in Fig. 7.22(c) do

not exhibit high di/dt as a result of the constant continuous current path, which

is available under all operating conditions. As can be observed, the DS current

in Fig. 7.22(d) is discontinuous, similar to the AAC arm current. Additionally,

during the transition between the upper and lower arms, the DS is subjected to

a high-energy current spike due to the interruption of the current path, as the

Table 7.7: IAAC specifications.

Parameter Value
S [MVA] 1045 1045
VDC [kV] 640
Vchain/VDS [kV] 388/375
Vgrid/Vconv [kV] 400/500
Arm inductance [%] 15
Transformer reactance[%] 18
Chain-link capacitance [µF] 50
FC capacitance [µF] 50
N 255
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(a) Chain-link voltages (b) DS voltages voltages (c) Chain-link currents

(d) DS currents (e) Flying-capacitor current (f) DC current

(g) Total chain-link capacitor (h) AC current (i) AC phase voltage

Figure 7.22: IAAC waveforms during steady-state operation at unity power fac-
tor.

Figure 7.23: IAAC active and reactive power capabilities.

DS switches off. However, due to the continuous current path through the FC,

energy equilibrium among the arms is achieved without generation of overvoltage.

The FC allows a constant current path to balance the currents during continuous

and discontinuous operation of the DS, shown in Fig. 7.22(e). The chain-link

currents are always continuous, in contrast to those in AAC, and synthesise the
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DC currents in the same way as in an MMC. As a result, DC current in Fig.

7.22(f) does not carry any of the high di/dt components from the DS current

path. The high-quality DC current contain only ±1.5% ripple, indicating that

no DC filter is required. The 100 Hz harmonic current in each FC appears as

a low-magnitude 300 Hz ripple on the DC current. The chain-link capacitor

ripple is influenced by the charging and discharging process which depends on

arm current sign and the positive/negative voltage insertion of the FB cells, as

shown in Fig. 7.22(g). Figs. 7.22(h) and 7.22(i) respectively show high-quality

AC phase voltage and line current.

Fig. 7.23 illustrates the PQ capabilities of the IAAC. The converter success-

fully operates at various operating points following the active and reactive power

demands, while there is good match between the AC and DC power transfer. The

spikes observed on the active power trace at t = 2 s and t = 3 s are due to the

rapid reactive power reversal demand.

(a) DC voltage (b) DC current (c) Arm currents

(d) Arm voltages (e) Total chain-link cell
capacitor voltages

(f) FC capacitor voltage

Figure 7.24: IAAC DC fault blocking operation.

Fig. 7.24 demonstrates the DC blocking capability of the IAAC during a

pole-to-pole DC fault. The fault is initiated at t = 2 s and immediately DC

voltage collapses as shown in Fig. 7.24(a), while the DC current rises until arm

over-current detection activates the converter’s blocking state as shown in Figs.

7.24(b) and 7.24(c) respectively. It should be noted that due to the absence

of the capacitive DC filter, the IAAC DC fault current is reduced compared to

that of the conventional AAC. The converter’s blocked state is illustrated in the

arm voltages of Fig. 7.24(d). The chain-link and FC capacitor voltages maintain
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(a) DC voltage (b) DC current

Figure 7.25: AAC and IAAC steady-state DC values.

constant values as arm current flow has been interrupted as shown in Figs. 7.24(e)

and 7.24(f) respectively.

Fig. 7.25 shows the steady-state DC voltages and currents of AAC and IAAC.

Both topologies achieve an acceptable DC voltage ripple of less than 1%. Fig.

7.25(b) shows the effectiveness of the DC filter on AAC, which reduces the ripple

from 25.4 % to 6.8 %, while the IAAC achieves 2.8 % without any DC filter.

Fig. 7.26 shows the comparison between AAC and IAAC during a low resistive

permanent pole-to-pole DC fault. The AAC appears to have higher DC fault

current value compared to IAAC due to the filter discharge towards to fault,

while the contribution of the converter is limited, as shown in Fig. 7.26(a).

Moreover, AAC has installed a larger value of inductance, which enforcing the

(a) DC current (b) DC voltage (c) AAC AC currents

(d) IAAC AC currents (e) ACC Arm currents (f) IAAC DS currents

(g) IAAC chain-link currents

Figure 7.26: AAC adn IAAC DC pole-to-pole fault.
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DC current to achieve zero in a more slower and oscillatory manner, compare

to IAAC. In addition the IAAC has lower magnitude DC voltage oscillations

due to the absence of the DC filter, as shown in Fig. 7.26(b). The AC current

contribution to the DC fault is lower on the IAAC, as shown through the AC,

arm, stack and DS currents of AAC and IAAC in Fig. 7.26.

7.4 Summary

This chapter proposes the development of novel topologies which address some

of the shortcomings of the state-of-the-art HVDC converters.

The first topology, the EMMC, is an enhanced MMC topology with a sig-

nificantly reduced number of cells per arm that generates high-quality AC and

DC side waveforms and high numbers of levels in the output voltage to rival the

performance of the conventional MMC with hundreds of cells per arm. This is

achieved by incorporating low-voltage FB chain-links with blocking voltage equal

to half that of an HB cell. The theoretical development, simulations and exper-

imental results confirm that the EMMC offers reduced AC harmonics and DC

voltage ripple with a low number of cells per arm when compared to conventional

MMC. The main features of the EMMC are:

• Significant improvements in the power quality of the AC and DC side wave-

forms are achieved without significant increase in the power circuit and

control complexity when compared to the conventional MMC.

• In comparison with a conventional MMC with the same number of cells,

the EMMC has similar volume but eliminates the need for AC and DC side

filters due to significantly increased output power quality. The proposed

concept of the low-voltage FB chain-link can be integrated into existing,

currently operational, low cell count MMC-based HVDC links with mini-

mum modification, and can be implemented in FB-MMC and other hybrid

topologies.

• Gains that are achieved in power quality outweigh the marginal increases

in semiconductor losses and area due to integration of the low-voltage FB

chain-links. These losses may however be reduced by using state-of-the-art

semiconductor devices.

• Possible adaptation for MV applications for higher power quality and con-

trollability compared to conventional VSC, with reduced footprint and in-

creased reliability.
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The second topology, the IAAC, offers compact design, high-quality AC and

DC side waveforms, and similar semiconductor losses when compared to AAC

and MC-MMC topologies. The proposed IAAC replaces the large DC link capac-

itors required by the conventional short-overlap controller AAC by three flying

capacitors (one per phase leg and each rated for half the DC link voltage) that

do not discharge during DC faults. The theoretical development is presented,

and simulation results show that the proposed IAAC is promising for HVDC

applications. The main features of the IAAC are:

• Good efficiency with a reduced number of semiconductors compared to the

AAC.

• Continuous arm current operation, which removes the need for DC filters

without affecting the efficiency and the complexity of the converter. This

is particularly significant since removal of the DC filter capacitors reduces

the potential DC fault current levels when compared to the AAC.
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Chapter 8

Conclusions and future research

8.1 Conclusions

Multilevel VSC are characterised by their flexibility to allow rapid and accurate

energy equilibrium amongst power systems that incorporate HVDC links. How-

ever, due to the nature of DC based transmission, future HVDC grids are prone to

new challenges which demand solutions which are not straightforward. Following

the advent of multilevel converters for HVDC networks, different manufacturers

competed to find the best solution for HVDC. Initially, the main challenge was to

design an efficient and robust converter topology which could suppress destruc-

tive DC pole-to-pole faults. However, it is shown in this thesis that converters

must have a variety to additional functionalities to ensure safe operation and

to facilitate future network development. The ability to combine these multiple

functionalities in a single converter is also attractive due to reduced capital cost

and space.

This thesis assesses the key features and operational characteristics of multi-

level VSC which are characterised by their ability to block DC pole-to-pole faults.

Chapter 1 introduces the thesis, describing the motivation and scope of the re-

search study. Chapter 2 provides a comprehensive literature review of HVDC

technologies which are currently the subject of research, and technologies which

have been developed sufficiently to the point where they have been installed and

are operational. Specifically, the review includes AC-DC power conversion using

LCC and VSC technology, a variety of potential DC-DC converter topologies and

their design considerations, DC fault current limitation methods, DCCB topolo-

gies, and cables structures. The review identifies those HVDC components with

the most favourable characteristics to facilitate the development of HVDC grids.

Chapter 3 provides analysis and development of time-domain function-switching

(FS) VSC models, which are the key tools of this thesis, for determining the oper-
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ation and functionality of each converter topology. The models provide a trade-off

between complexity and resource efficiency, creating accurate and high-fidelity re-

sults. A comprehensive comparison of full detailed and the FS models provides

evidence for their accuracy. The FS models include the control architectures

which are applicable in real developed hardware. Moreover, the semiconductor

thermal profiles are included in the converter operation, where they provide high

accuracy thermal loss results according to the exact operation of each converter.

The inclusion of the semiconductor losses in the simulation solution of the power

circuit provide higher accuracy compared to the analytical method. The actual

losses are computed based upon the arbitrary switching pattern of the semicon-

ductors imposed by the CBA. Also, the appearance of the semiconductor losses

in the electrical circuit provide a more accurate assessment of the impact of losses

on control and protection equipment. Chapter 4 provides a comprehensive com-

parison of state-of-the-art HB-MMC, MC-MMC, FB-MMC and AAC multilevel

converters. The comparison includes the semiconductor losses, AC and DC side

power quality, and steady-state and controlled dynamic behaviour for point-to-

point HVDC networks that incorporate strong AC grids and WFs. The PQ

capabilities of each topology are investigated during active and reactive power

reference change, reduced DC voltage, and islanded operation. The investigation

reveals:

• For a given DC voltage, a converter with a reduced number of cells has

increased switching losses, as the switching voltage is higher compared to a

converter with an increased number of cells.

• The converter topology dictates the total semiconductor losses and the loss

distribution among the cells. The FB-MMC has more than double the

losses of an HB-MMC, while the MC-MMC and AAC have 50% to 60%

more losses than an HB-MMC.

• Using Hybrid-Switches, which combine SiC and Si semiconductors, it is

possible to reduce the cell switching losses even though semiconductor area

is increased.

• The total semiconductor losses differ depending upon whether a converter

operating in rectifier or inverter mode. This difference is most apparent in

the HB-MMC.

• In an AAC the DC filter capacitor may be reduced in size whilst the fil-

ter inductance is correspondingly increased. Hence the potential DC fault

current may be reduced.
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• For identical specifications, an AAC has reduced capacitive reactive power

generation compared to an MMC. Also the AAC cannot operate at reduced

DC voltage.

• The AAC appears to stress the snubber and protective equipment of the DS,

even during steady state operation. Phase, arm and DS surge arresters may

be strained even during normal operation. In addition, the appearance of

high dv/dt in the arm voltages, occur on the AC voltage which may further

strain the interfacing transformer.

• The HB-MMC can operate over a limited range of reduced DC voltage,

whilst the MC-MMC can operate at almost zero DC voltage and the FB-

MMC can completely reverse the DC voltage polarity.

In general, the MC-MMC appears to have better performance compared to

the AAC due to higher operational range of modulation index. Furthermore, the

AAC arms are exposed to high over-voltages due to high di/dt, which results

in considerable stress of the protective surge arresters during normal operation

within the nominal PQ envelope.

Chapter 5 analyses, demonstrates and compares transient operation of the

state-of-the-art converters introduced in Chapter 4. The demonstration includes

start-up, DC pole-to-pole faults, DC pole-to-ground faults, AC unbalanced oper-

ation, and partial DC voltage loss operation. The demonstration reveals:

• In all the converters studied that include FB-cells, it is necessary the FB

cells emulate the operation of HB cells in order to allow a current path

between AC to DC sides.

• In order to avoid transient voltages and currents during charging, the master

converter has to charge from the AC side and be in DC voltage control mode,

while the slope of the DC voltage ramp during charging has to be low in

order reduce the voltage overshoots across the cell capacitors and cables.

• Following a DC fault, all of the converters which have DC fault blocking

capability are capable of being operated to test for fault clearance as part

of the restart process.

• An MC-MMC with a reduced number of FB cells, in combination with DC

reactors, is able to control DC fault current trajectory allowing the DCCB

design requirements to be relaxed. The total MC-MMC semiconductor

losses are reduced, and only one of these converters is required in the HVDC

grid to achieve the fault current trajectory control functionality.
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• The MC and FB-MMC can continue to operate during a DC pole-to-ground

fault, and can transfer power at a reduced level.

• The AAC is not able to protect transformer and cable insulation during DC

pole-to-ground faults, without damaging converter’s internal components.

• An AC unbalance fault on a converter which controls the DC voltage can be

destructive due to the power mismatch with the DC grid. In the case of in-

creased DC voltage the cable insulation might be damaged, while converter

control may be lost if DC voltage is decreased. Adjustment of the power

reference to the converter which controls active power maintains constant

DC voltage as the power delivery meets the demand of the DC grid. This

requires communication between the converters and the master controller

which rapidly changes the power references.

• All types of MMC can achieve fault ride through under AC unbalanced op-

eration. A simple positive-negative current controller is sufficient to manage

the effects of AC unbalance, and a PR circulating current suppression con-

troller suppresses the voltage and current ripples which may appear on the

DC side.

• Due to the fact that the AAC does not have a continuously controllable

common-mode current, the DC power quality deteriorates during AC un-

balanced operation and high-frequency, high-magnitude ripples appear on

the DC voltage and current. These ripples may be particularly problematic

in multi-terminal grids.

The flexible modulation index of the MC-MMC provides adequate perfor-

mance for all transient scenarios. Unfortunately, AAC cannot perform acceptably

under unbalanced AC and pole-to-ground DC faults, as it has limited independent

arm operation and modulation index range. As a result, AAC may be dependent

on collateral protection equipment.

Chapter 6 presents the development of a flexible low scale test-rig for ex-

perimental laboratory use. A selection of off-line simulations from Chapters 4

and 5 were validated. The chapter includes the design, development and imple-

mentation of a reduced scale test-rig for multilevel VSC controller and topology

validation. Two three-phase 4kW converters are developed: a four-cell FB-MMC

which operates in both MMC and AAC modes, and an experimental qMMC which

emulates the operation of an MMC and which is useful for system level studies.

The converters are tested in inverter mode under different illustrative PQ demand

conditions, and during unbalanced AC faults. In addition, the FB-MMC is tested
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during reduced DC voltage operation. The MMC and AAC test-rig results show

good agreement with the off-line simulations results shown in Chapters 4 and 5.

An innovative hardware implementation of the average converter model is re-

alised through the qMMC which allows the development and validation of system

studies for reduced complexity and cost. The qMMC can emulate the internal

stored energy of an MMC by including only one cell per arm. The need for

CBA is removed, thus the control complexity of the converter is greatly reduced.

However, due to signal latencies and voltage mismatches, each arm of the qMMC

must operate in a complimentary mode to avoid large over-voltages on the DC

side.

A low-voltage hardware implementation provides good insight into the actual

operation and limitations of the converter controller. EMI, signal latency, and

synchronisation issues are difficult to include in off-line or real-time simulations,

making the hardware implementation a good validation platform.

Chapter 7 presents two new converter topologies. The EMMC offers a high

number of voltage levels with a reduced number of cells when compared to estab-

lished MMC topologies. The novel EMMC exhibits a new, unique multiplication

feature where the number of voltage levels per arm is approximately equal to

the product of the numbers of HB and FB cells, whilst the output voltage step

amplitude is equal to that of the FB cell voltage. The result is high quality AC

and DC voltages and currents without the need for filters. Key characteristics of

new EMMC topology include:

• Low voltage FB cells are incorporated in combination with medium voltage

HB cells.

• The medium voltage HB cells may require series connection of IGBTs.

• Even though FB cells are used, the switching losses are reduced due to the

reduced switching voltage, while the HB cells switch less frequently.

• Due to the reduced operating voltage of the FB cells, SiC semiconductors

can be incorporated which may reduce the switching losses.

• The concept of EMMC can be used for medium voltage applications such

as WTs, where high power quality can be achieved without incorporating

passive filtering. Also, by including MMC technology in the WT system,

it is possible to reduce the control and interfacing converter complexity by

implementing the generator connected converter as a diode rectifier.
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The second topology introduces an improved novel AAC topology. The proposed

IAAC removes the need for DC filtering, thereby reducing DC fault currents, and

can block DC faults. The main characteristic of the IAAC include:

• The chain-link currents are always continuous, compared to the conven-

tional AAC which are discontinuous. The currents find a path through

a flying capacitor which allows arm energy balance, thereby removing the

need for an overlap controller. This reduces the di/dt which is responsible

for harmful overvoltages. Therefore the AC and DC currents and voltages

do not experience any voltage or current spikes.

• The IAAC chain-link and DS voltage ratings are reduced compared to the

conventional AAC, and it does not require any extra FB cells to operate

over the whole PQ range.

8.2 Future research

Based on the research presented in this thesis, several areas for future investiga-

tion are proposed:

• Investigation of interoperability among different converter topologies and

interaction with other types of HVDC equipment (e.g. DCCB, DC-DC

converters, etc.), and on the hardware interactions due to passive compo-

nent (e.g. cell capacitors, AC and DC filters) deterioration.

• Further system-level exploration of the functionalities of EMMC and IAAC,

and their deployment in applications such as DC-DC converters.

• Exploration of the capabilities of the master controller under non-ideal op-

erating conditions (e.g. increased communication delays) and validation us-

ing a small (laboratory) scale multi-terminal network based on the qMMC

topology.

• Investigation on cell topologies incorporating different types of semiconduc-

tor device in order to improve efficiency.

• Investigation of the effects of transients on DC fault blocking VSC when

they are under the control of ‘grid forming’ controllers.

• Further investigation of the IAAC under different AC and DC fault condi-

tions, and validation through experimental hardware.
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Appendix A

Controller

This Appendix presents and describes the various controller structures that are

used for the off-line simulations and the hardware test-rig.

A.1 Master controller

The master controller is responsible for managing the whole AC/DC transmis-

sion system and adjusts power flow according to the system’s power demand,

ensuring swift DC grid response to power requirements. The master controller

can compensate for various uncertainties that occur in the DC grid, such as:

• Error in the wind forecast which results in unexpected power extraction

from the WF.

• Unavailability of WFs due to weather conditions, faults and scheduled main-

tenance.

• Unexpected power bottlenecks in AC grids.

• Unexpected unavailability of onshore power stations due to faults or sched-

uled maintenance.

The master controller manages and coordinates all the converters in the network

to achieve the desired operation. To achieve this, it must be able to:

• Share the wind power forecast error with several onshore converter stations.

• Share the power deviation due to unavailability of one converter station.

• Limit wind power injection if onshore converter stations cannot accept more

power.
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• Coordinate AC and DC protection actions during AC and DC fault ride-

through, benefiting from diversity of capabilities that different converter

topologies offer.

• Coordinate converter operation during faults with their respective AC grids,

including execution of DC network reconfiguration.

• Dictate WF operation according to extreme weather conditions and regulate

the power exchange among the onshore and offshore converter stations.

As a result, the general operation of the master controller is to define the control

mode of each converter, while adjusting the active/reactive power, and DC voltage

references. It sets the signals that are responsible for the energisation of the

system, the protection system, and additionally signals that are needed to operate

or start in non-normal modes such as black start and islanding mode.

A.2 Outer controller

The outer controller sets the reference values for the inner controller by measuring

the AC and DC voltages and currents in order to sustain desirable converter

operation regarding active and reactive power, and DC voltage. Moreover, it

sets the operation during unbalanced operation. The measurements are filtered

through an antialiasing low-pass filter in order to reject high-frequency switching

components. In the case of multilevel converters the minimum effective switching

frequency which determines the resolution of the produced AC voltage is given

by A.1

feff ≥ 4 ·N · f (A.1)

where N is the number of levels in each arm and f is the fundamental frequency.

A.2.1 Positive sequence current controller references

The reference set-points for the positive dq sequence current controller is deter-

mined from the set of outer controllers. The reference for the d component of

the current controller can be set according to the real power extraction, the DC

voltage set value, or the output of a droop controller. In general, there are two

variants of the droop controller: one which sets the active power according to the

DC voltage and another which sets the DC voltage according to active power.

The q component reference can be set according to reactive power or the AC

voltage set value.
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The DC voltage controller is implemented as a PI controller. The DC-side

voltage deviation V ∗DC-VDC is a measure of the power mismatch on the DC side.

To achieve proper power balancing, at least one voltage controlling element is

required on the DC side. Integral action in (A.2) will bring the voltage back to

its reference V ∗DC and thereby restore the power balance.

i∗+d = kp(V
∗
DC − VDC) +

∫
(V ∗DC − VDC)dt (A.2)

The active power controller is implemented as a feed-forward scheme. If more ac-

curate tracking is required, a combined feed-forward and feedback control scheme

could be applied.

i∗+d =
P ∗

3
2
Vd

(A.3)

i∗+d = kp(P
∗ − P ) + ki

∫
(P ∗ − P )dt (A.4)

Also, as well as fixed reference current control, droop controller can regulate DC

voltage or active power.

i∗+d =
P ∗

3
2
Vd

+ dVDC (A.5)

i∗+d = kp
(
P ∗ − P ) + βp(V

∗
DC − VDC)

)
+

+

∫ (
(P ∗ − P ) + βp(V

∗
DC − VDC)

)
dt

(A.6)

where βP is the droop value for the power controller according to DC voltage

threshold dVDC . The overall structure of the i∗+d controller is shown in Fig. A.1.

VDC

V ∗
DC

PAC

P ∗
AC

DC voltage
PI

PI

i∗+d

βP

Active power

Figure A.1: Active component reference controller.

The reactive power controller is implemented in the same way as the active

power controller.

i∗+q =
Q∗

3
2
Vq

(A.7)
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i∗+q = kp(Q
∗ −Q) + ki

∫
(Q∗ −Q)dt (A.8)

By measuring the AC-Grid voltage and comparing it to a reference value, the

VSC is also able to control the AC-side voltage directly or by using a droop

controller as shown in (3.31)

i∗+q = kp
(
(U∗AC − UAC) + βQ(Q∗ −Q)

)
+

+

∫ (
(U∗AC − UAC) + βQ(Q∗ −Q)

)
dt

(A.9)

where βQ is the droop value for the AC voltage controller. The overall structure

of the i∗+q controller is shown in Fig. A.2.

Reactive power

Q∗

PIQ

U ∗
AC

PI

i∗+q

βQ

UAC

AC voltage

Figure A.2: Reactive component reference controller.

A.2.2 Negative sequence current controller references

The reference set-points for the negative dq sequence current controller can vary

according to the scheme or the operator requirement. Setting the reference of

the negative sequence current controller can vary according to the operational

objective, which may be to

• Balance the AC converter currents.

• Balance the internal converter currents.

• Balance the internal energy stored.

• Extract constant active power.

• Extract constant reactive power.
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The converter is able to withstand the various internal imbalances, as the sizing of

either voltage or currents during AC unbalance in covered by the current thermal

limits and voltage insulation thresholds. As a result, the scheme followed is to

balance the AC-side converter currents where is crucial for the safety of the AC

grid. As a result both components of the negative sequence current are suppressed

to zero with i∗−d =0 and i∗−q =0, and active/reactive power and DC voltages are

set by positive sequence currents.

A.2.3 Current limiter

In order to reduce the any potential overloading, the current references are lim-

ited, as shown in Fig. A.3. The limited current reference is compared to the

calculated current reference. The scheme of limiting the reference current de-

pends on the application. For example, if the converter is connected to a strong

network, the positive sequence d current reference i∗+d will have priority in order

to produce as much power as possible when the current limit is exceeded. If the

converter is connected to a weak network the converter has to give priority to

the positive sequence q current reference i∗+q in order to support the AC voltage

when the current is limited.

i∗dlim =

idlim =
√
i2lim − i∗2d Priority in active power

1.1p.u. Priority in reactive power
(A.10)

i∗qlim =

iqlim =
√
i2lim − i∗2q Priority in active power

1.1p.u. Priority in reactive power
(A.11)

A.3 Inner controller

The current controller considers the positive and negative sequence voltages and

currents, suitable for balanced and unbalanced grid operation. During unbalance

operation only the negative sequence components are transferred through the

transformer whilst any zero sequence currents do not have any path due to high

impedance grounding.

The frequency and phase must be detected at the connection point in order

to synchronise the conversion and control system with the grid. This action is

performed by the phase locked loop (PPL). The PLL will provide the phase angle

that will be used to transform the abc reference system into dq [110]. The positive
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Figure A.3: Current limiter.

and negative sequence components are extracted through abc to dq transforma-

tion, fed with the sign of the angle from the PLL as shown in Fig. A.4.

ωL
dq

abc

dq

abc

i∗±d

i∗±q

i±q

i±d

v∗±q

v∗±q

v±q

v±d

±θ

±θ

vj,ac

ij,ac
i±d
i±q

v±d
v±q

v∗±mj

Positive-negative current controller

Positive-negative sequence components

PI

PI

ωL

PLLvj,ac

dq

abcvj,ac
vq

vd

PImoving ∫ θ

2πf

−1

average

−θ

Phase lock loop

Figure A.4: Positive and negative inner current controller with the generated
components.

The two reference current i∗±d and i∗±q are input to the current controller.
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This stage produces the reference d and q voltages v∗±d and v∗±q which are trans-

formed into abc components and sent to the lower level controllers. The current

controllers are identical for both positive and negative sequences.

From (3.11) therefore, the positive and negative dq state equations are:

eq−VACd =

(
Larm

2
+LAC

)
· did
dt

+

(
Rarm

2
+RAC

)
id−iq

(
Larm

2
+LAC

)
ω (A.12)

ed−VACq =

(
Larm

2
+LAC

)
· diq
dt

+

(
Rarm

2
+RAC

)
id+id

(
Larm

2
+LAC

)
ω (A.13)

The dq positive and negative voltage references v∗±d and v∗±q are shown (A.14)

and (A.14).

v∗±d =

(
kp(i

∗±
d − i±d ) + ki

∫
(i∗±d − i±d )dt

)
+ e±d − i±q

(
Larm

2
+ LAC

)
ω (A.14)

v∗±q =

(
kp(i

∗±
q − i±q ) + ki

∫
(i∗±q − i±q )dt

)
+ e±q − i±d

(
Larm

2
+ LAC

)
ω (A.15)

By composing the negative sequence dq transformation through the opposite sign

of the angle from the PLL a double fundamental frequency occurs (100 Hz).

Therefore, a band-stop filter tuned to double the fundamental frequency is em-

ployed. Moreover, such a filter is beneficial for the positive sequence current con-

trol as it rejects grid disturbances and also allows operation in medium strength

and weak networks.

A.4 Islanding mode

One of the advantages of the VSC technology is that it is possible to connect very

low inertia systems, such as an islanded system or a WF, or even perform tempo-

rary islanding scenarios, such as black start of a system. The VSC can produce

its own AC voltage waveform independent of the AC system. The converter can

be connected to an AC system with passive load or with asynchronous generation

(e.g. WF). Islanding operation dictates the angle reference from a fixed value,

and not a PLL which is used in non-islanded applications, as shown in Fig. A.5.

In the islanded case the converter directly controls the AC voltage magnitude

according to a fixed frequency, without being able to control the active power

extraction or the DC voltage [111].
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Figure A.5: Non-PLL frequency reference (V/f) controller for islanded mode.

A.5 Valve balance controller

The valve balance controller manages converter valve energy, in order to enhance

the converter controllability or to increase the efficiency of the converter by min-

imising the circulating currents in the converter. This layer of the control is

not critical for converter operation and can be disabled at any time if it creates

instabilities in the control system.

A.5.1 MMC

In the MMC the valve balance controller ensures the vertical and horizontal

stability of the converter’s internal dynamic energy imbalances. The vertical

controller ensures energy balance among the internal phases of the converter while

the horizontal controller ensures energy balance between the arms of each phase

of the converter. These dynamic imbalances are mainly due to the tolerances

of installed passive and active components, such as arm inductances and cell

capacitors. In MMC this may lead to a fluctuation of energy in each phase

which, in turn, will generate circulating currents.

A.5.2 Third harmonic injection in MMC

Traditionally, the third harmonic injection (THI) technique is used to extend

the modulation index linear range and improve DC link utilisation in order to

improve converter PQ capability [112]. The third harmonic voltage injected into

the modulated signals is described by (A.16).

vTHI =
min(v∗a, v

∗
b , v
∗
c ) + max(v∗a, v

∗
b , v
∗
c )

2
(A.16)

THI permits MMC to operate with a higher range of converter AC voltages, which

is beneficial in terms of potential reduction in transformer and arm currents for
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the same power transfer. Equation (A.17) describes the implementation of THI

in an MMC.

mjMMC
= vmj − vTHI (A.17)

A.5.3 Circulating current controller

There are various methods for active suppression of the circulating currents, which

mainly affect the magnitude of the arm current, cell voltage ripple and the semi-

conductor losses. However due to the nature of the circulating current, PI control

is not appropriate for sinusoidal quantities [113]. An alternative implementation

is a PR controller which theoretical has infinite gain at the tuned frequencies

[114].

From (3.14) the circulating current which is driven from the common-mode

voltage can be describes as

dVj = 2Rarm · ij,cc + 2Larm ·
ij,cc
dt

(A.18)

The circulating current controller, implemented using the non-ideal PR technique

is

dVj = Kp,cc · ij,cc +Kr,cc ·
2ζωrs

s2 + 2ζωrs+ ω2
r

(A.19)

where ζ the damping is factor and ωr is the desired frequency to suppress, in radi-

ans per second. Other frequencies, such as the 1st, 3rd and 4th order harmonics,

can be suppressed by employing parallel controllers tuned at these frequencies.

The characteristics of the PR controller are Kp,cc = 439.823, Kr,cc =

In order to have a more effective controller, the DC component from the

common-mode current is rejected using a high-pass filter. The overall structure

of the PR circulating current suppressing controller (CCSC) is shown in Fig. A.6.

Kpr0.5

HPF

Larm

ij,u

ij,l 0

BPF
(2ω)

(5Hz)

dvcc−j

PR controller

Kir

Figure A.6: PR circulating current suppressing controller.
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A.5.4 Energy controller

The energy controller is employed to ensure energy balance between the upper and

lower arms in each phase. It also decouples cell capacitor voltage regulation, and

hence the AC voltage, from the DC link. In this manner, the energy stored in the

cell capacitors can be manipulated to adjust DC components of the modulation

signals[115]. There are two main approaches to valve energy control. The first

calculates energy according to measured voltage and installed capacitance. The

second implies energy based only on voltage measurement. The first method

may be subject to error due to capacitor tolerances. This error is avoided by the

second method which does not rely upon knowledge of the capacitor values.

The horizontal energy control is based on controlling the total energy between

the upper and lower arms in each phase, which allows regulated energy exchanged

between the AC and DC sides. A PI controller regulates the total energy Wsum,j,

defined in (A.20), according to a reference which may be either user defined or

based on DC voltage measurement which reflects the energy stored in the DC

grid. The latter approach means that the capacitor voltages are set according to

the energy stored in the DC grid, hence providing better response to DC voltage

dynamics.

Wsum,j = Carm
d(v2

Ctotj,u
+ v2

Ctotj,l
)

dt
=

1

2
(mDCj,k − 1)ij,DC (A.20)

The right-hand term of equation (A.21) is considered to be the energy exchange

between the AC and DC sides for each phase.

mDC,Ej =
1

2
(mDCj,k − 1) · ij,DC = PACj − PDCj (A.21)

The mDC,Ej component regulates the total phase capacitor voltage through a PI

controller. The purpose of the horizontal energy controller is to regulate the DC

component of the common-mode current, therefore a band-stop filter is employed

to reject the 2ω frequency components that appear through the summation of

the total arm capacitor voltages in a given phase. Moreover, a feedforward AC

power component is applied for improved dynamics.

Vertical energy control is based on controlling the energy among the internal

phases of the converter and minimising any potential energy mismatches between

the arms. The differential energy of each phase is defined by (A.22).

Carm
d(v2

Ctotj,u
− v2

Ctotj,l
)

dt
=

1

2
mDCj,k · ij,AC −

1

2
mj · ij,cm (A.22)
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The right-hand term of the equation (A.22) is considered to be the energy balance

between the upper and lower arms of each phase.

mAC,Ej =
1

2

((
mDCj,k · ij,AC

)
− ij,cm

)
(A.23)

The purpose of the vertical energy controller is to equalise the upper and lower

arm energies, suppressing any DC component difference between the arms. Hence

the reference value for the differential energy Wdiff,j is set to zero.

Fig. A.7 illustrates the architecture of the vertical and horizontal energy con-

troller, and the total energy current correction dvW−j. In general, the MMC valve

Horisontal energy controller

PI

PI

dvW−j
Wsum,j

W ∗
j

0

Wdiff,j

θ

Vertical energy controller

2ω

ω

Figure A.7: MMC horizontal and vertical energy controllers.

balance control is considered to be an enhancement rather than a control require-

ment. The circulating current controller increase the efficiency of the converter

by reducing the root mean square (RMS) value of the arm currents by suppress-

ing the second harmonic currents. The vertical and horizontal energy controllers

allow improved DC voltage dynamics. However, it has been noticed that in case

of system instability, the valve balance controllers may be disabled to provide

safe operation without jeopardising the continuous operation of the converter.

A.5.5 AAC

In AAC the valve balance control ensures the accurate and safe transfer of energy

between the upper and lower arms during the overlap period. Also it improves the

output power quality for a large range of modulation indices and power factors.
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A.5.6 Third harmonic injection in AAC

THI extends the period where the AAC operates as an MMC by modifying the

voltage profile in the region of zero voltage crossover [79]. This results in a

more efficient operation during the overlap period, and allows better dynamics

during the energy equilibrium between the upper and lower arms regardless of the

overlap period. In AAC, THI removes the necessity for current injection from a

star-connected transformer, and reduces the DC filtering requirements. Equation

(A.14) describes the implementation of THI in an AAC.

mjAAC = vmj + vTHI (A.24)

A.5.7 Overlap angle controller (AAC)

This type of controller exists only in AAC converters, and regulates the period

during which both arms conduct simultaneously [76, 116]. During unity power

factor operation, the arm currents are in phase with the arm voltages and there-

fore the DS can operate in soft-switching mode. However during reactive power

injection the arm currents are phase shifted with respect to the arm voltages,

hence the DS start to operate in hard-switching mode. Even with the incorpo-

ration of third harmonic injection the current has still a high value as the load

is mainly inductive and the arm current has a sinusoidal profile. As a result, a

more sophisticated overlap angle controller is used, in order to actively regulate

and operate the DS according to the energy stored in the chain-links and the arm

current magnitude. The overlap angle controller, defined in (A.25), operates in a

similar manner as the horizontal energy controller of an MMC.

Carm
d(v2

Ctotj,u
+ v2

Ctotj,l
)

dt
= mDCj,k · ij,DC (A.25)

The right-hand term of equation (A.26) is considered to be the energy exchange

between the AC and DC sides for each phase.

mDC,Ej = mDCj,k · ij,DC = PACj − PDCj (A.26)

The target is to equalise the energy among the phases, dictating the operation of

DS. Fig. A.8 illustrates the structure of the overlap controller.
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Figure A.8: AAC overlap controller.

A.6 Normalisation

Normalisation creates the final reference for the lower level controller for each arm

of the converter. The normalised controllers must be combined in such a way as

to ensure that the modulation indices generated for each arm will not attempt to

exceed the capabilities of the converter. Fig. A.9 illustrates the normalisation of

the controllers for the MMC and AAC topologies.
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Figure A.9: Signal normalisation.

A.7 Controller tuning

The transfer function for the PI controller is described as:

G(s) =
1 +Kp + Tis

Tis2 +KpTis+ 1
(A.27)

where k is the tunable parameter of the system (e.g. inductance or capacitance).

The gains Kp and Ti are calculated according to the second-order transfer

function T 2nd characterisation as:

T 2nd =
1

ω2
n

s2 +
2ζ

ωn
+ 1 (A.28)
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where ζ is the damping ration and ωn = 2πf is the natural frequency of the

system response. The gains Kp and Ti are chosen as:

Kp = 2ζωnk (A.29)

Ti =
1

ω2
nk

(A.30)

For an over-damped system with ζ = 0.7, the response time τr can be related

with the ωn as described as:

ωn =
3

τr
(A.31)

The overall system control parameters are shown in Table A.1.

Table A.1: System control parameters.

Controllers
Control Parameters
Kp Ti

Outer controller
Active power controller 0 14
Reactive power controller 0 14
AC voltage controller 0 14
VDC controller 9.6 293.878
V/f controller 0 30

Inner controller
Positive and negative sequence
current controller

0.487 149.086

Auxiallary controllers
Circulating current
suppressing controller

439 25132.74

Vertical energy controller 3 0.006
Horisontal energy controller 3 0.006
AAC overlap controller 3 0.006

A.8 Lower level controller

Arm balance control is used for both MMC and AAC, to achieve equal cell voltage.

A.8.1 Modulation techniques

Various modulation techniques have been introduced for modular converters, such

as multicarrier pulse width modulation (PWM), nearest level control (NLC),

217



selective harmonic elimination (SHE) and space vector modulation (SVM). As

the number of levels increases techniques such as SHE and SVM become quite

complex and difficult to implement. As a result, techniques such as NLC and

PWM, which are simple and easy to apply, are preferred.

A.8.2 PWM

In the multicarrier PWM modulation strategy, triangular carrier waveforms are

compared with the reference voltage. Each carrier represents a voltage stage level.

There are different approaches to the multicarrier PWM modulation strategy,

such as phase disposition (PD), phase opposition disposition (POD), and alter-

native phase opposition disposition (APOS). However, PD carriers are preferred

because they produce output voltage with better harmonic distribution and lower

THD. Selecting the frequency for the carrier is crucial. High carrier frequency

might increase converter switching losses, and create EMI during high-voltage

switching. One advantage of the MMC is that can operate in lower switching

frequency (<2 kHz) and produce high quality output.

A.8.3 Nearest Level Control

When a modular multilevel converter has a sufficiently large number of cells per

arm, an alternative approach to PWM called NLC may be used. This approach

determines the voltage levels that must be synthesised and selects the number of

cells that are required for a given voltage level, by tracking the reference volt-

age waveform. NLC determines how many cells are included according to the

discretisation function of the modulation signal. The benefit of NLC is reduced

complexity of implementation compared to PWM.

A.8.4 Chain-link controller

The Chain-link controller combines the capacitor voltage balancing and modu-

lation schemes. This particular controller converts the output from the Upper

level controller into gate control pulses which drive the semiconductors in the

converter. This control layer balances the capacitor voltages, and also influences

efficiency as a result of the modulation scheme that is applied.

The CBA scheme is designed to manage the capacitor voltages in each cell,

so that equal average energy rating of each capacitor is achieved. Otherwise

cell voltages will diverge rapidly and will result in the unstable operation of the

converter. The capacitor balancing algorithm decides which cells will take part
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in converter operation. To achieve this the algorithm needs to know how many

sub modules are needed to be ON and OFF, and the capacitor states, in order

to create a balanced state among the capacitor voltages. There is a compromise

between achieving capacitor voltage balance and maintaining a low cell switching

frequency. A more frequent execution of the CBA gives better capacitor voltage

balancing but increases the switching losses. The CBA operates simultaneously

with the modulation techniques as it determines the number of cells that are

needed at any given operating condition.

Three main CBA techniques exist: sorting algorithm, distributed control and
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Figure A.10: The effect of tolerance band CBA forNMMC = 400 andNAAC = 244.

219



tolerance band. The techniques trade off computational effort, complexity and

flexibility, and are described as follows:

1. Sorting algorithm. In every state, the CBA sorts the capacitor voltages

and, according to the direction of arm current flow, inserts or bypasses the

cells that are needed [117]. The cells are sorted from lowest to highest (or

highest to lowest) voltage every time the control algorithm requires a cell to

be inserted or bypassed. The computational burden of the voltage sorting

algorithm is very large for increased numbers of cells. Moreover, it is not

possible to regulate actively the cell switching frequency as the frequency

with which the algorithm is updated is bound to the number of cells. This

type of CBA has an easier implementation in low number of cells converters,

hence is used in the experimental set-up.

2. Distributed control. This approach uses phase shifted carriers [109].

Each cell has a dedicated carrier which is generated according to the error

between the actual cell capacitor voltage and the capacitor voltage refer-

ence. It is possible to regulate the cell switching frequency by regulating the

capacitor voltage reference. The benefit of this technique is that the dis-

tributed operation reduces the process demand as each cell is self-regulated.

However, the dedicated carriers have to be synchronised and must be able

to cater for cell failure.

3. Tolerance band. This technique allows robust control operation, as it

does not rely upon a complex sorting function and minimises computational

effort as only the voltages that exceed the defined tolerance band need to

be considered. The computational effort remains the same regardless of the

number of cells, and it is possible to adjust the cell switching frequency by

setting the tolerance band accordingly. In this research the tolerance band

technique is used [118], and the implementation is described in Appendix

B. Its effects are illustrated in Fig. A.10.
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Appendix B

Capacitor balancing algorithms

This section shows the Simulink implementation of sorting and tolerance band

CBA which are used in the EMTP-RV simulations. A DLL file was generated

from the Simulink model and was implemented in EMTP, where the two types

of CBA were available.

B.1 Sorting CBA

Universal sorting CBA applicable in HB-MMC, MC-MMC, FB-MMC and AAC,

for defined a number of cells.

function [VC US,VC FB]= PWM FCN(Vc sm) %Sortling loop

N FB=20; % Number of Full−Bridge cells − change for different ratio of FB−HB cells.

num=length(Vc sm);

numFB=length(Vc sm(1:N FB));

VC UG=Vc sm;

VC UG FB=Vc sm(1:N FB);

VC US=linspace(1,num,num);

for i=1:num−1

for j=1:num−i

if (VC UG(j)>VC UG(j+1))

tep=VC UG(j);

VC UG(j)=VC UG(j+1);

VC UG(j+1)=tep;

tep=VC US(j);

VC US(j)=VC US(j+1);

VC US(j+1)=tep;

end

end

end

VC FB=linspace(1,numFB,numFB);

for iFB=1:numFB−1

for jFB=1:numFB−iFB

if (VC UG FB(jFB)>VC UG FB(jFB+1))

tepFB=VC UG FB(jFB);

VC UG FB(jFB)=VC UG FB(jFB+1);

VC UG FB(jFB+1)=tepFB;

tepFB=VC FB(jFB);

VC FB(jFB)=VC FB(jFB+1);

VC FB(jFB+1)=tepFB;

end

end
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end

function Ka = PSS CBA(Vref,Vc,VcFb,Vc2,VcFb2,Yota) %Balancing loop, Vref can be PWM or NLC

% Va=Vref;

Ia=Yota;

N=length(Vc);

Ka=zeros(1,N);

%% Modulation

if Vref>=0 && Vref<=N

Va=Vref;

for I=1:(Va)

if Ia<=0

for II=1:(N+1)

if (II==Vc2(I))

Ka(Vc2(I))=0;

else

Ka(Vc2(I))=1;

end

end

else

for II=1:(N+1)

if (II==Vc(I))

Ka(Vc(I))=0;

else

Ka(Vc(I))=1;

end

end

end

end

%% Negative overmodulation

elseif Vref<0 && Vref>=−N

Vl=−Vref;

for I2=1:(Vl)

if Ia<=0

for II2=1:(N+1)

if (II2==VcFb(I2))

Ka(VcFb(I2))=0;

else

Ka(VcFb(I2))=−1;

end

end

else

for II2=1:(N+1)

if (II2==VcFb2(I2))

Ka(VcFb2(I2))=0;

else

Ka(VcFb2(I2))=−1;

end

end

end

end

%% Negative limits

elseif Vref<−N

for II2=1:(N)

Ka(Vc(II2))=−1;

end

%% Positive limits

elseif Vref>N

for II2=1:(N)

Ka(Vc(II2))=1;

end

end

B.2 Tolerance band CBA

Universal tolerance band CBA applicable in HB-MMC, MC-MMC, FB-MMC and

AAC, for a defined number of cells.
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function [Gc,idx2]=balancing(Gc p,Vc sm,Yota,Vnlc,Vnlc p,idx,dVc max,dVc sort)

M=length(Vc sm);

NonC=Vnlc;

NonP=Vnlc p;

Iarm=Yota;

Vc=Vc sm;

Gp=Gc p;

if (NonC>=M)

Gc=ones(M,1);

idx2=idx;

elseif (NonC==0)

Gc=zeros(M,1);

idx2=idx;

elseif (NonC<=−M)

Gc=−1∗ones(M,1);

idx2=idx;

elseif (NonC<0&&NonC>−M)

F=0;Vc avg=sum(Vc)/M;

NonC neg=−NonC;

for i=1:M

if (abs(Vc(i)−Vc avg)>dVc max)

F=1;

end

end

if (NonC==NonP&&F==0)

Gc=Gp;

idx2=idx;

else

if (Iarm==0)

Gc=Gp;

idx2=idx;

elseif (Iarm>0)

j=1;idx2=zeros(M,1);Gc=ones(M,1);

for i=1:M

if (Vc(idx(i))>=Vc avg−dVc sort)

idx2(j)=idx(i);

j=j+1;

else

idx2(M−i+j)=idx(i);

end

end

for i=1:NonC neg

Gc(idx2(i))=−1;

end

for i=NonC neg+1:1:M

Gc(idx2(i))=0;

end

else

j=1;idx2=zeros(M,1);Gc=ones(M,1);

for i=1:M

if (Vc(idx(i))<=Vc avg+dVc sort)

idx2(j)=idx(i);

j=j+1;

else

idx2(M−i+j)=idx(i);

end

end

for i=1:NonC neg

Gc(idx2(i))=−1;

end

for i=NonC neg+1:1:M

Gc(idx2(i))=0;

end

end

end

else

F=0;Vc avg=sum(Vc)/M;

for i=1:M

if (abs(Vc(i)−Vc avg)>dVc max)

F=1;

end

end

if (NonC==NonP&&F==0)

Gc=Gp;

idx2=idx;
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else

if (Iarm==0)

Gc=Gp;

idx2=idx;

elseif (Iarm>0)

j=1;idx2=zeros(M,1);Gc=ones(M,1);

for i=1:M

if (Vc(idx(i))<=Vc avg+dVc sort)

idx2(j)=idx(i);

j=j+1;

else

idx2(M−i+j)=idx(i);

end

end

for i=1:NonC

Gc(idx2(i))=1;

end

for i=NonC+1:1:M

Gc(idx2(i))=0;

end

else

j=1;idx2=zeros(M,1);Gc=ones(M,1);

for i=1:M

if (Vc(idx(i))>=Vc avg−dVc sort)

idx2(j)=idx(i);

j=j+1;

else

idx2(M−i+j)=idx(i);

end

end

for i=1:NonC

Gc(idx2(i))=1;

end

for i=NonC+1:1:M

Gc(idx2(i))=0;

end

end

end

end
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Appendix C

Wind farm model

This appendix presents the WF model that was used in Chapter 4. The WF model

is an aggregated model of 167 type 4 WTs, rated at 6 MW, with representation

of only the grid side converter (GSC), as shown in Fig. C.1. The WF model is

assuming constant wind speed, with ascending and descending power ramp of 0.2
p.u.

s
and 5 p.u.

s
respectively, to emulate the pitch control capabilities. The control

structure is similar to that which was described in Appendix A.

Figure C.1: Schematic diagram of Type 4 WT.

Table C.1 provides the controller parameters of the aggregated WF model.

Table C.1: WF control parameters.

Controllers Kp Ti
Outer controller

AC voltage controller 1 30
VDC controller 6.4 130.612

Inner controller
Current controller GSC 0.537 67.143
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