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Abstract

Large wind farms, especially large offshore wind farms, present a challenge for the
electrical networks that will provide interconnection of turbines and onward
transmission to the onshore power network. High wind farm capacity combined with
a move to larger wind turbines will result in a large geographical footprint requiring
a substantial sub-sea power network to provide internal interconnection. While
advanced HVDC transmission has addressed the issue of long-distance transmission,
internal wind farm power networks have seen relatively little innovation. Recent
studies have highlighted the potential benefits of DC collection networks. First with
appropriate selection of DC voltage, reduced losses can be expected. In addition, the
size and weight of the electrical plant may also be reduced through the use of
medium- or high-frequency transformers to step up the generator output voltage for
connection to a medium-voltage network suitable for wide-area interconnection.
However, achieving DC/DC conversion at the required voltage and power levels
presents a significant challenge for wind-turbine power electronics.

This thesis first proposes a modular DC/DC converter with input-parallel output-
series connection, consisting of full-bridge DC/DC modules. A new master-slave
control scheme is developed to ensure power sharing under all operating conditions,
including during failure of a master module by allowing the status of master module
to be reallocated to another healthy module. Secondly, a novel modular DC/DC
converter with input-series-input-parallel output-series connection is presented. In
addition, a robust control scheme is developed to ensure power sharing between
practical modules even where modules have mismatched parameters or when there is
a faulted module. Further, the control strategy is able to isolate faulted modules to
ensure fault ride-through during internal module faults, whilst maintaining good
transient performance. The ISIPOS connection is then applied to a converter with
bidirectional power flow capability, realised using dual-active bridge modules.

The small- and large-signal analyses of the proposed converters are performed in
order to deduce the control structure for the converter input and output stages.
Simulation and experimental results demonstrate and validate the proposed
converters and associated control schemes.
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List of Symbols

The following are the symbols and abbreviations used throughout this thesis.

Ady
Aijs
Avin
Avg
Br
Bs
Cq
Cs
o
De
Drmax

Nideal
I:)in
POUI

Resr

Duty cycle perturbation
Inductor current perturbation
Input voltage perturbation
Capacitor voltage perturbation
Residual magnetic flux density
Saturation magnetic flux density
Input capacitance

Filter capacitance

nth module output capacitance
Effective duty cycle

Maximum duty cycle

Energy

Switching frequency

Input current

nth module input current

Load current

Output current

Current density

Transformer turn-ratio
Derivative gain

Proportion gain

Window utilisation factor
Filter inductance

nth module output inductance
Transformer leakage inductance
Ideal urn-ratio

Input power

Output power

Equivalent series resistance



Load

Lyapunov function

Capacitor voltage

DC side voltage

Input voltage

Output voltage reference signal
nth module output voltage
Output voltage

Transformer primary voltage
Rectifier output average voltage
Transformer secondary voltage
Weighting factor

Distribution factor

Phase shift angle

Transformer efficiency



List of Abbreviations

CHB Cascaded H-bridge

DAB Dual-active-bridge

EMC Electromagnetic compatibility
EMI Electromagnetic interference
HVAC High-voltage AC

HVDC High-voltage DC

ICS Input current sharing

IPOP Input-parallel output-parallel
IPOS Input-parallel output-series
ISIPOS Input-series-input-parallel output-parallel
ISOP Input-series output-parallel

ISOS Input-series output-series

IVS Input voltage sharing

M2C Modular multilevel converter
MVAC Medium-voltage AC

NPC Neutral-point-clamped

OCs Output current sharing

oVS Output voltage sharing

PRC Parallel resonant converter
PSMC Parallel-series modular converter
PSM Phase shift modulation

PWM Pulse width modulation

SPRC Series-parallel resonant converter
STATCOM Static synchronous compensator
VSC Voltage source converter

ZCS Zero current switching

ZNVS Zero voltage switching
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Chapter 1: Introduction

The environmental benefits and cost-competitiveness of wind power have driven its
rapid expansion in recent decades, particularly onshore wind farms. Difficulties of
obtained planning permission for onshore wind farms in recent years have forced the
power industry to pay attention to the possible exploitation of the vast wind resources
available offshore to generate large amounts of power. Consequently, research on
collection networks and high-power converters are driven by the predicted growth of
offshore wind deployment. In this chapter, the advantages of DC collection networks
and possible DC/DC converters are outlined. In addition, the objectives of this thesis

are identified and thesis organization delivers a view of the following chapters.



1.1 Renewable Energy Development

Global average temperature anomaly (1850-2012)
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Fig.1.1: Global average temperature anomaly [1]

Since the early 20" century, the global average temperature has significantly
increased as shown in Fig.1.1. A surge in temperature increase can be observed
during recent decades due to the rapid increase in fossil energy consumption. Climate
change has also caused the sea level to rise, for example the sea level around the UK
has risen 10 cm since 1900 [2]. These environmental problems, such as climate
change, sea level rise and air pollution, have become a major global problem. In
order to reduce the emission of greenhouse gases (carbon dioxide) and reduce air
pollutants, the development of clean energy has been encouraged. Additionally, the
diverse energy plan helps to reduce dependence on diminishing fossil energy and

provide a more reliable on-going energy supply.

Renewable energy, which is repeatable and occurs naturally, encompasses many
different types of technology, such as solar energy, wind energy, hydro, tidal, and so
on. Compared to conventional fossil fuel sources, major advantages with the use of
renewable energy are the reduced impact of climate change with their
environmentally friendly nature, sustainability of the energy sources and economic
benefits. Due to rising fossil fuel prices and the falling costs of renewables,
renewable energy has cemented its position as an indispensable part of the global

energy mix, based on the report by the international energy agency in 2013 [3].



In March 2007, the EU endorsed an energy technology plan which sets a target that
20 % of energy must come from renewable sources by 2020 to increase the share of
the renewable energy sectors [4]. Included in the plan, the UK has embarked upon a
strategy aimed at providing 15 % of energy consumed via renewable sources and 20 %

of electricity via renewable by 2020 [5].

1.2 The Role of Wind Energy

Global Wind Power Cumulative Capacity (Data:GWEC)
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Fig.1.2: Worldwide growth of wind capacity [6]

Amongst all the renewable energy sources, the environmental benefits and cost-
competitiveness of wind power have driven its rapid expansion in recent decades. As
shown in Fig.1.2, worldwide installed capacity of wind power grew to 369 GW in
2014. Starting from a near zero share in 2004, China has followed an aggressive plan
of wind power development and, by far, has led the world, installing 20.7 GW in
2014 to bring the total so far to 114.76 GW installed, and leading to 200 GW
capacity by 2020 [7]. The United States is second with 65.8 GW wind energy
capacity and their strategy plan aims at providing a 20 % share of the electricity via
wind power by 2030 [8]. As reported by the Global Wind Energy Council (GWEC),
wind power has expanded by almost 16 % in 2014 across the world to reach a new
peak of 368.8 GW of total installed capacity [9]. Moreover, there is expected to be

substantial growth in wind energy capacity around the world in the coming years.



1.3 Motivation

The predicted growth in UK wind deployment, particularly large-scale offshore wind
farms, drives the industry and academia to search for cost effective network
architectures that can facilitate large power harvesting offshore and transmit it to the
onshore mainland AC grid. The offshore DC collection network is one of the
promising possibilities being investigated at present, including development of
DC/DC converter topologies to realise such a DC collection network, without
overstressing these DC/DC converters and other network components. In the search
for suitable DC/DC converters for offshore DC collection networks, this thesis will
investigate a number of DC/DC converters that can be used offshore, including the

necessary control architecture to facilitate their fault tolerant operation.

1.3.1 Offshore Wind Generation in the UK

Today, onshore wind farms have proven to be a commercially viable technology, and
are widely used to reduce climate change effects and meet national renewable energy
targets in Europe and around the world. However, in recent years there have been
attempts to increase outputs of wind generation by exploiting offshore wind energy.
The first reason that offshore wind energy is preferable to onshore is the low
occupation of land space. Additionally, the higher wind speed and lower turbulence
levels offshore contribute to a more stable and plentiful energy supply than the
onshore solution. It is known that doubling the wind speed leads to an eightfold
increase in the output power. This cubic relationship between power output and wind
speed makes offshore wind energy highly attractive. In addition, without the noise
and visual restrictions, larger wind turbines can be built to operate at higher rotor

rotational speed which decreases the loading on the turbine as well.

The UK offshore wind industry has experienced a rapid growth since the ‘Round 1’
project started in 2000. There are 18 offshore wind farms involved in Round 1 with
potential capacity of 1.5 GW, and now 13 projects are fully operational with a
generating capacity of 1.2 GW. Round 2 projects provide 7 GW capacity and are
now almost complete. The much larger Round 3 project can provide 32.2 GW

potential capacity and all the projects involved are all in the pre-planning or planning



stages. The London Array, shown in Fig.1.3, is now the world’s largest offshore
wind farm located 20 km of the Kent coast in the UK. Within the European sector
there is currently in excess of 8 GW of installed capacity with potential for 40 GW
by 2020, of which 24 GW is allocated for the UK sector [10, 11]. Today, the UK has
become the undisputed leader of offshore power with half of the world’s installed
capacity. With Round 1, 2, 3 and Scottish Territorial Waters projects, the cumulative
offshore wind power installation is expected to reach 153 GW by 2030 worldwide

and this trend will surely continue [6].

Fig.1.3: London array offshore wind farm [12]

1.3.2 Electrical System for Offshore Wind Farms

The ambitious plans for offshore energy require the creation of remote, high-capacity
wind farms with ratings significantly in excess of 1 GW. Although, a lot of technical
problems have been solved during the past decade to improve the reliability and
reduce the cost of offshore wind energy, the electrical system is still one of the major

research issues [13-15].

Fig.1.4, using data collected from two large surveys (LWK represents
Landwirtschaftskammer dataset and WMEP represents wind turbine measurement
and evaluation programmer) of European wind turbines over 13 years, summarises
the failure rates for different turbine components and the corresponding downtime
per failure. It can be seen from this figure that the electrical and control systems play
a severe problematic role in terms of failure rate and downtime. Consequently, a high
percentage of electricity production may be lost due to failure of the electrical aspect.



Furthermore, large offshore wind farms with higher power levels present a more
severe challenge for the electrical networks that will provide interconnection of

turbines and onward transmission to the onshore power network.
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Fig.1.4: Failure rates and downtime survey [16]

The electrical system for offshore wind farm consists of two networks: a collection
system and a transmission system. The collection network gathers the outputs from
each individual wind turbine and brings them to a central collection point which is
typically rated in the region of 30 kV. At the offshore converter substation, this
voltage is increased using a transformer to high-voltage transmission level and

eventually the generated power is brought onshore through this transmission system.

The traditional electrical system for offshore wind farms is a pure AC system, as
shown in Fig.1.5, with a voltage step-up in two stages. Transformers at each wind
turbine step up the generator voltage to medium-voltage, and at the medium-voltage
AC (MVAC) collection network the voltage is stepped up to high-voltage AC

(HVAC) transmission level.
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Fig.1.5: Pure AC electrical system for offshore wind farm



Recently, high-voltage DC (HVDC), recognised as a technically advantageous and
cost-effective solution over long-distance cable transmission, is preferred over the
AC solution for offshore transmission systems due to the dramatically increased
reactive power production incurred in long AC transmission lines [17]. Therefore, a
new type of AC/DC electrical system is proposed, as shown in Fig.1.6, where the
MVAC output needs to be stepped up to high-voltage through a line-frequency
transformer and then rectified by an AC/DC converter to conduct HVDC

transmission system.
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Fig.1.6: AC collector network and HVDC transmission link for offshore wind farm

Whilst the advanced HVDC transmission has addressed the issue of long-distance
transmission, internal power networks for offshore wind farms have seen relatively
little innovation. High wind farm capacity combined with a move to larger wind
turbines will result in a large geographical footprint, requiring a substantial sub-sea
power network to provide internal interconnection. Additionally, the larger wind
turbines require large separation to decrease turbulent effects on adjacent turbines.
Consequently, the internal power connections have an important impact on the

annual produced power, the operation, and the footprint design of the wind farm.

Present solutions for collection networks are based around conventional MVAC
architectures. However, the cascade of multiple AC/DC and DC/AC conversion
stages can lead to a poor system efficiency. One of the promising options to address
the internal power network is to use a pure DC system, as shown in Fig.1.7, where
each individual wind turbine outputs DC from a fully rated wind turbine DC/DC
converter. Afterwards, outputs of multiple wind turbines are collected and stepped up
to HVDC transmission level through an offshore DC/DC converter. With such a
configuration, the number of conversion stages is reduced, and better energy storage

system integration can also be achieved [15, 18-23].
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Fig.1.7: Pure DC electrical system for offshore wind farm

There are two ways to deliver DC collection grid within the wind farms: one utilising
a diode rectifier for AC/DC rectifier and a DC/DC converter and the other employing
an IGBT rectifier and a DC/DC converter. The DC/DC converter consists of an
inverter, a coupling transformer and a rectifier-either passive or active. The rectifier
based on the IGBTs are more expensive and lossy than rectifier based on diodes,
however, it keeps the input voltage to the DC/DC converter constant, allowing easier

control the MPPT of the variable-speed wind turbine.

1.3.3 MVDC Collection Network

Recent studies have highlighted the potential benefits of MVDC collection networks,
which will become increasingly attractive given the growing offshore wind farm
capacities [15, 18-23].

Since the effective power that can be transmitted through the AC cable is only 0.7
times the peak value, DC cable has 1.4 times higher power transport ability
compared to AC cable with the same cable characteristic [24]. In addition, DC
transmission does not suffer from reactive power losses which are present in AC
systems. If the capacity of offshore wind farms increases as is projected, more cables
are needed for the internal collection network. For example, the site area of the
London Array project with 1000 MW total capacity is in excess of 200 km? and
requires a 200 km MVAC array connection cable [12]. Therefore, the use of DC has
better utilisation of the cable voltage rating and eliminates the charging current issue

associated with AC cables.

With appropriate design, MVDC collection networks have the potential to reduce

losses through better optimisation of conversion stages, and substantial research



effort has concluded that the power losses associated with MVDC are expected to be
significantly lower compared to its AC equivalent [15, 25, 26]. A DC collection grid
can also lower the life-cycle cost [19]. Additionally, higher dynamic control can be
achieved over the power flow of the collection network compared to an AC system.
In particular, it has been shown in many publications that the voltage and current

during fault conditions are manageable [27].

A DC collection grid presents an opportunity to significantly reduce the size and
weight of the required plant and power units [28]. Present offshore wind farms
connect to conventional 50 or 60 Hz AC systems by employing line-frequency
transformers to step up the generator output voltage to collection network voltage
levels. However, the bulky, heavy and noisy line-frequency transformer imposes
limitations on the power density of the system [29]. Advances in power electronic
DC/DC conversion systems allow the replacement of line-frequency transformers by
medium- or high-frequency technologies, leading to significant weight and size
savings when interfacing turbine generators to the MVDC network [15, 30]. In
addition, the DC/DC converter with a medium- or high-frequency transformer is
considered as a developing trend in power conversion systems, as it avoids voltage
and current waveform distortion caused by the core saturation of lower frequency
transformers. For offshore wind farms, the greater the power produced per installed
wind turbine, the more cost-effective the solution and consequently a higher power
DC/DC converter for each turbine is needed [31]. As a result, there is growing
interest both in industry and academia to investigate the technical and economic
viability of MVDC collection networks for offshore application based around high-
power DC/DC converters [15, 32-36].

1.3.4 DC/DC Converter for Collection Networks

Viability of MVDC collection networks requires efficient and reliable high-power
DC/DC converters to step up the wind generator output voltage (e.g. 5 kV DC) to a
level compatible with an efficient wide area network connection (e.g. 50 kv DC) and
provide galvanic isolation. Although a DC network can offer improved power quality,
a smaller size and the potential to reduce cost and losses compared to an AC grid, the

advantages greatly depend on the efficiency of the DC/DC converters [37]. To meet



system requirements, megawatt (MW) DC/DC converters must operate at voltages
and currents in excess of individual semiconductor device ratings, requiring complex
circuit topologies that can achieve power sharing between multiple devices. In
addition, galvanic isolation is required to meet the safety standards, therefore voltage
stresses presented at the primary and secondary windings of the transformer must be
fully controlled. Additionally, high switching frequency is necessary for high power
density, and leads to the reduction in size and weight of the interfacing transformer.

Some of the existing high-efficiency step-up DC/DC converters face the challenge of
transferring these technologies to the required network voltages, since both the input
and output of the DC/DC converter must operate above the voltage capability of
existing power semiconductors [38, 39]. To solve this issue, a range of circuit
topologies have been proposed to deliver high-power, high- or medium-voltage
DC/DC converters. One way is to connect the semiconductor devices in series and to
operate in a conventional two-level manner [40, 41]. Some researchers have opted
for a multilevel approach, e.g. diode-clamped converter, flying capacitor (FC)
clamped converter, series connected H-bridge voltage source converter (SCHB VSC),
bridge of bridge converter (BoBc), etc., due to its advantages of low dv/dt, low
harmonic content and low distortion [42-44]. It is known that the modular multilevel
converter (M2C) has been deemed as a feasible candidate for high-power medium-
voltage conversion systems. An isolated bidirectional M2C-transformer-M2C
configuration has been introduced [45, 46] that can be deployed to interconnect
HVDC and MVDC networks of different or similar voltage levels. Parallel-series
connection of low-power rated modules is another excellent solution for scalability
of DC/DC converters for a high-power DC grid, with improved robustness, reliability

and fault-tolerant ability due to its inherent modular feature [47-49].

1.4 Objectives

Considering the subject of ‘DC/DC converter for offshore DC collection network’,
this thesis focuses on the study and implementation of the high-power medium-
voltage DC/DC converters for an offshore DC collection network. In particular the

following aspects are addressed in this thesis:
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e Analyse and compare the properties and advantages of the DC collection network
to the existing AC collection network.

e Analyse potential candidate topologies for a high-power medium-voltage DC/DC
converter to achieve voltage matching with and galvanic isolation from the DC
grid. Here, particular attention is paid to parallel-series modular techniques that
are applicable to the offshore DC collection network.

e Propose three kinds of parallel-series modular DC/DC converters, with an
emphasis on the necessary control architecture to facilitate power sharing and
fault ride-through ability. Simulation and experimental performances of the
converters and control techniques under different conditions are compared and

discussed.

1.5 Thesis Organization

The 7 chapters in this thesis are organised as follows:

This chapter briefly introduces the background to this study and is dedicated to the
advantages of the DC collection network and challenges of current high-power
medium-voltage DC/DC converters. Chapter 2 reviews potential high-power DC/DC
converters that can be employed in this application, and identifies the requirements
for DC/DC converters that can realise such DC collection networks. In Chapter 3,
earlier work relating to parallel-series modular DC/DC converters is described,
followed by the introduction of the full-bridge and the dual-active bridge (DAB)
DC/DC converters as the module topology of the proposed converter. Chapter 4
proposes the first DC/DC converter topology with input-parallel output-series (IPOS)
connection of full-bridge modules and a novel control strategy based on a ‘master-
slave’ scheme that provides power sharing and fault-tolerant ability. The proposed
topology and control strategy has been applied to a system-level simulation and a
scaled-down experimental system to validate its viability. Chapter 5 focuses on a
novel configuration consisting of n isolated full-bridge modules, whose inputs are
input-series-input-parallel (ISIP) connected, whilst the outputs are series connected.
The power sharing issue, control topology and both simulation and experimental
results for this new proposed converter are presented and the performance of this

converter under different control schemes is compared and discussed in terms of
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power distribution issues. Chapter 6 extends the input-series-input-parallel output-

series (ISIPOS) configuration described in Chapter 5 to a DAB circuit, and a higher

power rating rig aimed at 15 kW power is built to demonstrate a more realistic

module for the proposed application. The rig design process, and experimental and

simulation results with a multi-module ISIPOS connected DC/DC converter are

presented. Finally, Chapter 7 presents the main conclusions, contributions and

potential for future study of the technologies developed in this thesis. In addition, a

number of appendices are attached that include details of the experimental rig,

experimental DSP code and the author’s publication information.
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Chapter 2: High Power DC/DC Converter

The high-power DC/DC converter is perceived as one of the key-enabling
components of the offshore DC collection network and it is vital that it is designed
for high reliability and efficiency. This chapter reviews several DC/DC converter
topologies, which are considered as potential candidates for high-power applications,
with emphasis on DC collection networks for large-scale offshore wind farms. The
first part of this review considers solutions that connect the power devices in series in
order to make conventional two-level topologies applicable to high-power systems.
This category also includes multilevel topologies that use series-connected
semiconductor switches along with several active or passive DC voltage sources to
synthesise a two-level output voltage with staircase voltage transitions to reduce
dv/dt and AC harmonics in the AC voltage that will be presented to the isolation
transformers of the DC/DC converter, and to improve efficiency and power density.
Presently, modular type converters are popular due to their inherent redundancies,
which are critical for continued operation under active or passive devices failures. In
this chapter, the main features of these converters are discussed, with basic analysis
of their fundamental operational principles. Following that, the requirements of

DC/DC converters to be applied to the offshore collection network are outlined.
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2.1 Review on High-Power DC/DC Converter

Nowadays, power electronic system integration is an important trend in the power
industry [1]. In offshore wind farm collection networks, the numerous advantages of
power electronics and DC cables outweigh those of the conventional AC counterpart,
for example full control over energy flow, improved power quality, and potentially
lower cost can be achieved [2]. Additionally, transformers in DC/DC converters are
operated at elevated frequency, allowing dramatic weight and size savings as
compared to systems using 50 or 60 Hz transformers, leading to higher power

density as well as lower loading on the wind turbine [3].

MVDC system is a feasible solution for offshore wind collection grid. However,
realising the benefits of MVDC will require the use of high-power DC/DC
converters with the capability of operating at the required network voltages, e.g. a 5
MW rated wind turbine with 5 kV DC link voltage, stepped up to a level (e.g. 50 kV
DC) compatible with an efficient wide area network connection. The development of
HVDC transmission and DC collection grids for renewable energies spurs the need
for DC/DC converters at megawatt levels for voltage matching and galvanic isolation
of the DC grid. Over the past few decades, great efforts have been made to develop
high-power medium-voltage DC/DC converters that are capable of processing energy

effectively due to the following reasons:

e Most of the widely-used converters encountered in low-power applications
cannot be applied directly in high-power application.

e The choice of a single semiconductor switching device that can withstand high
DC voltage stresses is limited. Currently, the voltage rating of a single IGBT is
limited at 6.5 kV with a maximum nominal current of 750 A, and the cost is very
high. Therefore, the operating voltage level in many studies challenges most of
the existing technologies since both the input and output of the DC/DC converter
must operate above the voltage capability of existing power semiconductors.

¢ In most high-power applications, galvanic isolation is mandatory to meet safety
standards, especially at high conversion ratios as the isolation transformer can
limit the circulating power and the resulting losses. Therefore, only DC/DC

converters with isolation transformer are considered in this study.
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e High switching frequency is necessary for high power density as it leads to the
reduction in size and weight of the interfacing transformer. However, the
switching frequency is limited by the level of the switching losses and by
electromagnetic interference (due to high di/dt and dv/dt). Attention must be paid
to the trade-off between switching frequency and power losses.

e Most DC/DC conversion presents major challenges due to the combination of

high-power, medium-voltage and medium-frequency.

Since the currently available devices cannot withstand such high voltage stresses,
there are three possible ways to deliver high-power medium-voltage DC/DC
converters. Direct series connection of power switching devices is an effective way
of approaching high-voltage and high-power conversion with well-known two-level
circuit structures. The second way is to use a multilevel converter to address high
power with low-rating devices. In addition, series connection can be integrated into
the multilevel methodology to further expand the operating level and enhance system
performance. The third solution is to change the converter topology to a modular one,
which has a number of smaller modules and where each module only contributes a
small fraction of overall converter power. All approaches will be reviewed and
discussed in the following sections, with particular attention to the context of high-

power application.

2.1.1 Converter with Series Connected Devices

In order to overcome device limitations, realisation of high-power semiconductor
switches by connecting devices in series has been utilised in medium- and high-
voltage applications [4]. As a result of series connection techniques, higher operating
voltage can be reached, and at the same time low-voltage rating devices with higher
performance can be used to obtain better switching performance in the series

connected configuration [5, 6].
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Fig.2.1: Two-level dual active bridge converter topology (a) single phase with
MOSFET devices and (b) three-phase with IGBT devices

In 1980s, series connection of gate turn-off (GTO) thyristors was proposed. Since the
1990s, series connection of integrated gate commutated thyristors (IGCTs) and
insulated gate bipolar transistors (IGBTSs) has evolved into mature techniques used in
medium- or high-voltage systems [7-9]. Fig.2.1 shows the MOSFET and IGBT based
two-level DC/DC converter in single-phase and three-phase configurations
respectively. This circuit can operate in a soft-switched manner where the
semiconductor devices tend to turn on and off under conditions of zero current and
zero voltage, thus making it possible to achieve lower switching losses and an
increase in switching frequency [10]. The switching device consists of several series-
connected switching devices as shown in the figure to enable operation at high
voltage levels, and a medium- or high-frequency transformer is employed to provide

isolation and voltage matching [11]. The inverter side converts the DC voltage into
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an AC signal, and the frequency of the square waveform at the transformer is
significantly higher than 50 Hz (with frequency ranging from 250 Hz to 1 kHz),
which leads to a reduced transformer size. The stepped-up or stepped-down voltage

after the transformer is then rectified at the output.

The topology with series-connected devices inherits the benefits of well-known
circuit structures, control methods and dynamic response. However, one problem of
series connection is the unequal voltage distribution between the semiconductor
devices under steady-state and transient conditions due to gate drive delays, physical
differences in the structure of the devices and snubber circuitry [12, 13]. It is
essential to connect series-connected switching devices in a reliable manner.
However, the induced uneven distribution of voltage across the series-connected
power switches could result in overvoltage of individual device and failure of the
entire series string of devices. Special attention also should be paid to the issue of
instant voltage balancing during start-up and turn-off transience, otherwise the switch
that switches off first (or switches on last) needs to sustain the whole voltage.

For safe operation, various active balancing methods have been proposed to equalise
static and dynamic voltage balancing. Passive control methods, termed as load side
control, involve snubber circuitry, with or without auxiliary circuits [4]. Most of the
snubber circuits minimise voltage unbalance by limiting the device voltage rise rate,
but suffer from incurred power losses [8, 14, 15]. As an effective method for
suppressing overvoltage and balancing the voltage across series-connected IGBTS,
active clamping techniques have been widely applied [15, 16]. However, during
conduction by the active clamping circuit, the IGBTs operate in the active region,
which results in high switching loss, particularly in high-voltage converter
applications [17]. The use of active gate control topologies, in which the gate charge
is controlled to increase or decrease the rate of change of collector-emitter voltage
has been reported [18, 19]. Although there may be a small increase in switching
losses since the active gate control must operate at the speed of the slowest device,
the feedback control that requires high-speed devices and added components
degrades the reliability of the control method. The complicated control also restricts
the switching speed. Additionally, perfect balancing is hard to accomplish during the

switching transients. Once all the switches are commutated at the same time, high
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dv/dt stress will be generated which may induce tremendous electromagnetic
interference (EMI) problems, and may cause insulation failure and restrict the
maximum voltage level that can be achieved. Due to this, the voltage level of the
previous voltage source converter (VSC) with series connection technology, namely
‘HVDC Light’ developed by ABB, is limited to £200 kV [20, 21]. Moreover, the
achievable frequency for this topology is also impeded by the central transformer, as
the high frequency is not viable for a high power level transformer [22].

It can be seen that conventional two-level voltage source converters with series
connection of devices suffers from certain significant disadvantages, such as high
dv/dt stresses on devices and low achievable switching frequency leading to high
current ripple or large volume passive component [23, 24]. In addition, series
connection of devices leads to additional snubber components. To overcome such
issues, series-connected devices are applied in a multilevel topology to allow
operating at high voltage level. The primary aim of the multilevel topology is to
generate an output voltage which is much higher than the voltage rating of the
individual switching devices, to meet the requirements of medium- and high-voltage
applications. This multilevel concept has become increasingly attractive to industry
and academia in recent years due to its ability to synthesise waveforms with better
harmonic performance and lower dv/dt stresses. The next section will introduce

several types of multilevel converter.

2.1.2 Multilevel Converter

The multilevel converter concept was firstly introduced in 1975 [25], and several
multilevel converter topologies have subsequently been proposed for high-power and
high-voltage applications. The principle of the multilevel converter is to use a series
of semiconductor switches and several DC voltage sources to generate a staircase
voltage waveform. The multilevel converter can outperform the conventional two-
level converter in high-voltage power conversion due to the following advantages
[26-29]:

e Low harmonic distortion at the converter output and low electromagnetic
compatibility (EMC) that contributes to the reduction in both AC side filter
requirements and the likelihood of insulation breakdown.
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e Low dv/dt stress on the insulation of the AC loads.
e Low distortion input current.

e For sinusoidal AC fundamental, multilevel converters can operate at a lower
switching frequency compared to that of a conventional two-level converter,
leading to lower switching loss and higher efficiency.

e Multilevel converters can provide ride-through capability under emergency

conditions if batteries or capacitors were used as DC sources.

However, their main disadvantages are that these features are achieved at greater
complexity of the power circuit and control. The following section reviews three
major multilevel inverter topologies with their fundamental multilevel structures, and

advantages and disadvantages of each topology.

A. Conventional Cascaded H-Bridge
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Fig.2.2: Single phase cascaded H-bridge multilevel inverter topology

The cascaded H-bridge (CHB) multilevel inverter was first introduced in 1975, and is

based on series-connected H-bridge cells with independent DC sources to produce a
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sinusoidal voltage output. It has gained more attention since the 1990s and has been
generally applied to static synchronous compensator (STATCOM) and medium-

voltage drives applications [30].

Fig.2.2 shows the power circuit for a single phase leg of an n-level inverter with full-
bridge cells. The resulting phase voltage is synthesised by the addition of the
voltages generated by the different cells. The cascaded multilevel converter is suited
to applications where no real power is transferred from the cell capacitors to the AC
output. The absence of the common DC link limits its application for DC/DC
conversion, as the provision of real power calls for the cell capacitors to be replaced
with isolated DC sources [31, 32].

B. Diode-Clamped Multilevel Inverter
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Fig.2.3: Diode-clamped multilevel inverter topologies (a) single phase three-level and

(b) single phase five-level

The first diode-clamped multilevel topology was proposed in 1981 [33]. It was a
three-level diode-clamped converter, also known as neutral-point clamped (NPC), in
which the clamping diodes are used to clamp the DC bus voltage so as to achieve
steps in the output voltage. Since the introduction of NPC, it has been widely used in

different types of industrial applications, including interfacing for wind generators.
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Single phase three-level and five-level diode-clamped multilevel converters are
shown in Fig.2.3 (a) and (b) respectively. The three-level inverter consists of four
switches (S;, Sy, Si’ and Sy") with their freewheeling diodes, two series-connected
bulky capacitor (C; and C,) with their mid-point n as the neutral point to generate an
additional voltage level, and two diodes (D; and D;’) to clamp the switch voltage to
half the level of the DC bus voltage. With the ground reference, the three possible
voltage outputs Va, are %2Vqc, -%Vq: and 0 with the switching scheme shown in Table
2.1, where ‘1’ represents the ON state and ‘0’ represents the OFF state. In each
switching state, D; and D, are utilised to clamp the voltage stress to %2Vpc on each
switch that is turned off.
Table 2.1: Switching scheme for three-level NPC

S S Sy’ Sy’ Van
1 1 0 0 YoV ¢
0 1 1 0 0
0 0 1 1 A

Similarly, the five-level diode-clamped inverter has five voltage levels Vg, ¥%2Vyc
with all upper switches turned on, -%2V4. with all lower switches turned on, ¥V, with
Sy, Sz, S4 and S;’ turned on, -¥aVy. with Sg4, Si’, So' and S’ turned on, and O voltage

with Ss, S4, S1"and Sy’ turned on.

It can be concluded that an n-level diode-clamped multilevel converter needs (n-1)
capacitors connected in series across the DC bus, 2x(n-1) switching devices and (n-
1)x(n-2) clamped diodes to produce an n-level output voltage. With diode-clamped
multilevel technology, each device voltage stress will be limited to one capacitor
voltage level V4/n through the clamping diode. As the number of voltage levels
increases, the output voltage waveform becomes closer to a sinusoidal waveform,

with improved harmonic performance [34].
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Fig.2.4: NPC based DC/DC converter

A high-power DC/DC converter, shown in Fig.2.4, comprises an NPC on the MV
side and a full-bridge on the LV side [35]. Also, a new DC/DC multi-output boost
converter is proposed for high-power application [36], where the variable output
voltage is boosted and regulated by a diode-clamped converter. However, in both
cases some additional clamping diodes are required, which limits their practical use
in high-power applications. Moreover, the voltage stresses across the diodes are non-
uniform, which further complicates the design. Another major problem associated
with the converter is the unbalancing of the DC-link capacitor voltages when the
number of voltage levels exceeds three, requiring external circuitry and balancing
methods to balance the DC link capacitor voltages [37]. The use of the controlled DC
voltage sources will also introduce extra complexity as well as cost penalties.
Additionally, the reverse recovery of the clamping diodes challenges its utilisation in

high-power application [37, 38].

C. Flying-Capacitor Multilevel Inverter

The flying-capacitor (FC) multilevel converter was introduced in 1992 [39]. After its
introduction, both industry and academia have shown great interest in it. Fig.2.5 (a)
and (b) illustrate single phase capacitor clamped multilevel inverter for three-level
and five-level operation respectively, where the structure is similar to that of the
diode-clamped converter except that instead of using clamping diodes, the inverter

uses capacitors in their place.
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Fig.2.5: Flying-capacitor multilevel inverter topologies (a) single phase three-level

and (b) single phase five-level

The three-level FC inverter shown in Fig.2.5 (a) consists of one flying capacitor C;,
two DC bus capacitor C,, and four switches (S;, Sy, S;' and S,'). The switching
schemes are listed in Table 2.2 that can synthesise three output voltage levels:
Vu/2, -V4e/2 and 0 with the corresponding states of the flying capacitor for a positive
half-cycle only. The switches are operated in such a way to regulate the flying
capacitor voltage to V4/2. Similar to the NPC converter, the voltage stress on each
switching device is equivalent to the voltage rating of each capacitor, which is V4./2 in
this case. Moreover, more levels at the converter output can be achieved by adding or
subtracting the flying capacitor voltage from the DC link voltage.

Voltage output Vg, in five-level FC converter shown in Fig.2.5 (b) can be synthesised
by five levels: %2V4. with all upper switches turned on, -¥2Vy. with all lower switches
turned on, ¥V4. with three possible combinations, -Y4Vy. with three possible
combinations and O voltage with six possible combinations. With proper switching
scheme, the capacitor charge states can be balanced. Therefore, it can be concluded
that the n-level FC converter requires (n-1) DC bus capacitors as well as (n-1)x(n-

2)/2 clamped flying capacitors and (n-1) pairs of power semiconductor devices.
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Table 2.2: Switching scheme for three-level FC inverter

S1 S Sy’ Sy’ Van Cy

1 1 0 0 Y5V gc No change
1 0 1 0 0 Charging
0 1 0 1 0 Discharging
0 0 1 1 -2V ge No change

Compared to the NPC converter, the FC clamping converter has redundant switching
combinations for voltage synthesis which provide more flexibility in controlling the
output voltage. Therefore, unlike the NPC converter, it does not suffer from the
problem of DC link capacitor voltage imbalance. More importantly, the redundant
switching schemes can easily control the charge states of the flying capacitors,
making it a very competitive candidate for high-voltage conversion. Furthermore, the
FC clamping converter does not suffer from the diode reverse recovery problem, and
the structure is simpler [37, 38].

An isolated ZVS PWM DC/DC converter based on the flying capacitor cell is
proposed for 600 V input voltage application, where the voltages across the switches
are lower than the input voltage [40]. Another isolated flying-capacitor DC/DC
converter is proposed, where the full-bridge converter and three-level flying
capacitor circuit are integrated for a high step-down and high-power DC-based
system [41]. Besides the difficulty of balancing voltage in real power conversion, the
capacitor clamping converter requires an excessive number of bulky and costly
capacitors to clamp the voltage which limits its implementation for high-voltage
operation. Capacitor pre-charging and start-up processes are more complex as the

number of levels increases [42].

Besides the three common multilevel converter topologies previously discussed,
several generalised or emerging multilevel converter topologies have been proposed,
such as the mixed-level hybrid multilevel converter, the asymmetric hybrid
multilevel converter, and the soft-switched multilevel converter, which are
theoretical hybrid circuits that are combinations of the common multilevel topologies
or slight variations to them [26]. Although the total harmonic distortion of multilevel
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converters is lower when compared to that of the two-level converter with series
connected devices, one particular disadvantage is the large quantity of diodes or
flying capacitors required, causing the overall system to be more complex and
expensive [43]. The multilevel converter also suffers from a voltage balancing
problem due to capacitors which act as DC voltage sources. In addition, for
converters having greater than three-levels, system reliability is degraded due to the
large quantity of diodes or flying capacitors [2], and reliability is one of the most
important concerns for converters in offshore wind applications due to the lack of

turbine access at sea [44].

Considering the aforementioned issues associated with multilevel converters, the
tendency is towards modular converters, where a single high-power converter is
replaced with a set of low-power rating converter modules and each module only
needs to contribute small fraction of overall converter power, to overcome the
limitations imposed by semiconductor voltage ratings and to provide redundancy.
Two types of modular converter are described in the following section.

2.1.3 Modular Multilevel Converter

Fig.2.6: Single phase M2C converter topology

In 2002, Marquardt and Lesnicar firstly proposed the modular multilevel converter
(M2C) [45]. Since then, the M2C has had an increasingly essential role in medium-

and high-voltage power conversion systems due to its inherent advantages, such as
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modularity, multilevel waveform with low harmonic distortion, low voltage stresses
on each switching device as the voltage level increases, high efficiency with relatively
low switching frequency, safe operation following device failures and low investment
cost [46]. In particular, voltage source converter (VSC) HVDC has become
increasingly popular and, as a result, this emerging M2C topology is of growing

interest as a very suitable converter candidate for HVDC grids.

A single-phase M2C structure is shown in Fig.2.6. The converter has one upper arm
and one lower arm, where each arm contains n basic sub-module (SM) blocks (n is
chosen according to operational requirements), V. is the DC-link voltage, i, is the AC
output current, two arm inductors used to limit circulating current due to voltage
imbalance between the upper and lower converter arms and to limit fault current
during DC faults, Vpa and Vy, are termed as the voltages generated by all the SMs in
the upper and lower arms, and ipa and iy, are the currents in the upper and lower arm

respectively.

There are three main SM topologies: the half-bridge SM (HB-SM) shown in Fig.2.7
(@), the full-bridge SM (FB-SM) shown in Fig.2.7 (b), and the clamp double half-
bridge SM (CD-SM) shown in Fig.2.7 (c).
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Fig.2.7: Module topologies (a) HB-SM (b) FB-SM and (c) CD-SM
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Table 2.3: Switching scheme for a half-bridge SM

S1 Sz Vsm Ve (ism>0)
1 0 Ve Charging
0 1 0 No change

In Fig.2.7 (a), each sub-module is a half-bridge connected to a capacitor, which can be
individually switched on and off. With the switching scheme illustrated in Table 2.3
where ‘1’ represents the ON state and ‘0’ represents the OFF state, each HB-SM can
generate two voltage states, V. and 0, across its output terminals. The most commonly
used type of VSC for MVDC and HVDC today is the M2C with HB-SM, which can
generate lower power losses compared with other M2C variants due to the reduced

number of conducting devices.

Table 2.4: Switching scheme for a full-bridge SM

S S S3 Sy Vsm Ve

1 0 0 1 Ve Charging
0 1 0 1 0 No change
1 0 1 0 0 No change
0 1 1 0 -Ve Discharging
0 0 0 0 - -

The M2C with FB-SM shown in Fig.2.7 (b), which uses four semiconductor switches
instead of two in each sub-module, was proposed to address the aforementioned DC
fault issues with its inherent capability of DC fault blocking. In the case of an
FB-SM, the capacitor voltage can additionally be connected with negative polarity,
and as a result each FB-SM can generate three states: V., 0 and -V, based on the
switching scheme shown in Table 2.4. This type of M2C is capable of suppressing a
DC fault, but incurs the penalty of double the number of power devices compared to
that of an M2C with HB-SM, which not only increases the cost but also results in
higher power losses.
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Table 2.5: Switching scheme for a clamp double half-bridge SM

S: S2 S3 Sy Ss Vsm Ve

1 0 0 1 1 2V, Charging
0 1 1 0 1 0 No change
1 0 1 0 0 Ve Charging
0 1 0 0 1 Ve Charging
0 0 0 0 0 - -

The switching scheme of an M2C with CD-SM, shown in Fig.2.7 (c), is given in
Table 2.5 and is highlighted to achieve DC fault handling capability with fewer
semiconductor devices when compared to an M2C with FB-SM, and slightly

increased conduction losses compared to those of an M2C with HB-SM.

Other emerging types of modular multilevel converter are those based on
aforementioned module structures, such as the hybrid modular multilevel converter
[47], the crossed-connected SM modular multilevel converter [48] and the diode-
clamped SM multilevel converter [49], etc. In respect to other topologies in the
medium-voltage and high-voltage field, the M2C has the advantages of modularity,
scalability, reliability, low semiconductor voltage ratings, low harmonic current
content, and high efficiency with low actual switching frequency. Consequently, the
M2C has become a preferred candidate for DC/AC conversion in various
applications.

Apart from DC/AC conversion, the M2C can also be integrated efficiently as a DC
converter for DC/DC applications. Direct-connected M2C based DC/DC conversion
is not considered here, as the lack of galvanic isolation may cause a safety problem.
A single phase bidirectional M2C-transformer-M2C configuration (M2C-T-M2C)
shown in Fig.2.8 is introduced [50, 51], where two M2Cs are connected back-to-back
through a low- or medium-frequency transformer to enable operation as an isolated
bidirectional interface between the two DC grids. If bidirectional power flow is not
required, one M2C can be replaced with a diode rectifier circuit. This topology can
manage short-circuits at the input and output without the need for additional circuit

breakers. Fundamental frequency switching is utilised in order to reduce passive
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component requirements. The transformer provides galvanic isolation as well as
voltage step-up/down. A similar topology has been presented [52], where each
module contributes to voltage stepping in addition to the transformer step-up. This
M2C-M2C DC/DC topology can be operated in full multilevel or quasi two-level
mode [53], where quasi two-level mode allows the circuit to operate with lower

capacitance values and the cells operate as an active clamp network.
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Fig.2.8: Single phase M2C-T-M2C DC/DC converter topology

Although the M2C-T-M2C DC/DC approach is attractive for DC voltage matching
between DC collection network and transmission levels, the reduction that can be
achieved in its size and weight due to the use of high frequency in the AC link will
be limited by the high-voltage insulation and isolation requirements, i.e. a minimum
clearance must be observed between phases, and transformer bushings must be
mechanically strong to withstand forces that may be generated during normal
transient operation. More importantly, as the transformer required for the AC stage is
rated for full input power, high switching frequency operation is not viable for this
transformer due to the construction difficulties and potential losses, resulting in low
overall conversion efficiency [54]. The large number of capacitors also introduces

higher cost and more difficult power stage dimensioning and the M2C module
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capacitors require complex voltage balancing control. In addition, the voltage drop
across the arm inductance can be significant in high-current applications, leading to
significant reactive power losses [55-57].

The M2C has proven to be a feasible candidate in DC/AC power conversion at grid
power frequency because of the reduced switching losses. However, the advantages
are not so great when used for DC/DC conversion where a raised fundamental
frequency is desired and the effectiveness of such M2C-T-M2C converters in DC/DC
conversion is limited by the aforementioned disadvantages [56, 58, 59]. Therefore, a
parallel-series modular structure is introduced in this study to address medium-
voltage high-power DC/DC conversion. More discussion regarding this topology will
be given in the following section.

2.1.4 Parallel-Series Modular Converter

DC/DC module

=7

DC/DC module

| 0 |

]

DC/DC module DC/DC module
(@) (b)
DC/DC module ) DC/DC module
DC/DC module DC/DC module
(c) (d)

Fig.2.9: Four different common connections at the input and output for parallel-series
modular converter (a) IPOS, (b) 1ISOS, (c) IPOP and (d) ISOP

Compared to the M2C modular converter, a more compact and lighter design that
uses a few modules arranged in a parallel-series topology could provide an excellent
solution for scalable DC/DC converters to facilitate operation at the required level

[56]. These standardised modules, which are characterised by low-power rating, can
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be grouped together in combinations of parallel or series connection, both at the
output as well as at the input sides, to realise many input-output specifications and
extend their application with robust and inexpensive low-rating modules [60].
Normally, parallel-series connected architectures can be classified into four
categories: input-parallel output-series (IPOS), input-series output-series (ISOS),
input-parallel output-parallel (IPOP), and input-series output-parallel (ISOP), as
shown in Fig.2.9 [61].

Various types of parallel-series modular converters (PSMC) have been proposed for
high-power application where the required voltage and power levels exceed those of
individual devices or a single module. With parallel-series modular converters,
higher switching frequency can be achieved without significant design challenges as
the rating of each module is very low. Additionally, interleaved control of the multi-
module converter can further reduce EMI filter size compared to other topologies
[62]. Such a modular structure allows distribution of power amongst modules,
thereby reducing thermal and electrical stresses on the switching devices and passive
components of individual modules, as the parallel connection can reduce the current
stresses whilst the voltage stresses can be reduced with series connection. It is also
known that the parallel connections can increase output power and light-load
efficiency by shutting down unnecessary modules, and that series connections can
increase voltage handling capability, as collapsing one or more module input voltage
enables more efficient low-voltage operation [63]. More importantly, the modular
structure with redundancy provides great system reliability since single module
failure does not cause a system failure. Moreover, the use of power electronic
building blocks reduces production and deployment costs [43, 64]. Hence, this

topology is currently of great interest.

Fig.2.10 shows an IPOS connected modular DC/DC converter with unidirectional
power flow capability, which is a suggested candidate for a medium-voltage high-
power offshore wind collection grid where bi-directional power flow capability is not
needed. Connection of multiple low-power rated modules as in the IPOS DC/DC
converter provides an excellent solution for the proposed application, as it improves
robustness and the possibility of the fault-tolerant operation that is critical for an

offshore application as a result of (n+Kk) designed redundancy. The use of a medium-
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or high-frequency transformer results in a significant reduction in its volume and
weight. However, special attention must be paid to the level of transformer isolation,
since each module transformer must withstand the full MVDC voltage. Apart from
the converter shown in Fig.2.10, converters with dual-active-bridge (DAB) modules,
which enable bi-directional power flow in a DC distribution network, are receiving
increased attention. The series resonant full-bridge DC/DC converter is another
potential candidate in respect of soft-switching. More discussion regarding the

choices of module topology will be given in Chapter 3.
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Fig.2.10: IPOS converter with full-bridge modules

In contrast to the topology where a single converter manages all of the power, the
power of the parallel-series modular converter needs to be equally shared by all
modules. Consequently, reliable operation of this modular DC/DC converter requires
a control mechanism that ensures equal power sharing amongst the individual
modules during steady-state as well as transient conditions, with ability to
compensate for any mismatch in the passive components and other noticeable
mismatches. Otherwise, it is possible that some modules deliver an excessive share

of the power, leading to degradation of whole-system reliability due to excessive
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thermal stresses [65]. Further discussion of the control aspects is provided in Chapter
3.

2.1.5 Review Summary

All types of converter mentioned earlier can be used to address high-power
applications, but all present design compromises. A converter with series-connected
devices is less competitive because it suffers high dv/dt which may cause component
damage and restrict the achievable voltage level. In contrast, multilevel converters
offer controllable thermal and electrical stresses on the power devices. However, for
early-stage multilevel converters, system reliability may be degraded by the large
quantity of diodes or flying capacitors, thereby limiting the possible benefits in high-
power applications. The third option, i.e. a converter with a modular structure, shows
considerable promise in addressing improvements in reliability by introducing a
desired level of redundancy.

e Although the M2C is an attractive practical modular multilevel topology for
DC/AC conversion in medium- or high-voltage applications, the implementation
of M2C-T-M2C in the proposed offshore DC collection grid is limited by the
ability to realise a reduced size and weight converter are a result of limitations
imposed by the transformer as stated previously. In addition, the required
capacitors and semiconductors occupy a large fraction of the overall volume,
leading to high volume and cost. Another limitation of the M2C for the proposed
application with high voltage ratios is due to the circulating current [56].

e Considering transformer design, PSMC can realise higher switching frequency
and higher input-to-output ratio with low module transformer turns-ratio instead
of one single full-scale high turns-ratio transformer which may become
problematic [2]. Additionally, interleaved control of the module switches can
decrease the output ripple considerably, which corresponds to further smaller size
[66].

Hence, PSMC is the most promising candidate to address DC/DC conversion in

offshore DC collection grids because it offers best overall performance.
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2.2 DC/DC Converter Requirements

As interest in offshore DC collection networks increases, highly controllable and
flexible power electronic based DC/DC converters are the most important elements
required to realise the offshore DC collection network, and are currently of great
interest.

Wind

I e
bbb\
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\ AC/DC MV DC/DC
Rectifier Converter
-~ —

Fig.2.11: Proposed DC collection network for offshore generation

The MV DC/DC converter shown in Fig.2.11, consisting of a DC/AC inverter at the
input, an AC link transformer and an AC/DC inverter at the output, is responsible for
stepping up the voltage and providing galvanic isolation between low-voltage and
medium-voltage. Thus, it represents a key component within the DC collection
network. Nowadays, offshore wind turbines process powers in the MW range.
Therefore, rating requirements for a full-scale DC/DC converter can be 1-10 MW to
interface a DC wind turbine and boost its output voltage to the collection grid level.
Whilst the previous section evaluated potential DC/DC converter solutions, another
major objective is to investigate the essential operating requirements for the MV
DC/DC converter, considering the input and output voltages, and the operating

frequency.

2.2.1 Input Voltage

According to ETH Zurich’s Institute of Environmental Engineering report, the top 10
available wind turbines are listed in Table 2.6. It can be seen from Table 2.6 that
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most wind turbine generators normally operate at 690 V and possibly even lower.
However, a high-voltage generator becomes more and more attractive for large wind
turbines under the growing trends of wind turbine development, as it can reduce the
current and thereby reduce the losses and the amount of heat generated [67]. Input
voltage for a DC/DC converter is 6 kV [68], whilst the voltage is assumed to vary
from 2 kV to 5 kV DC for a diode rectifier and is constant at 5 kV for an IGBT
rectifier [69, 70]. Considering the future trend of higher generator output voltage, the

input voltage of the medium-voltage high-power DC/DC converter is set to 2-6 kV.

Table 2.6: Top 10 biggest offshore wind turbines

Supply POV.V‘” Generator Generator type
rating voltage
SaTitn | 10MW | 690V superconcuctor generotor
Sway Turbine 10 MW 3.5kV Permanent magnet generator
Areva 8 MW 690 V Permanent magnet generator
Vestas V164 8 MW 6.6 kV Permanent magnet generator
Enercon E126 7.5 MW 690 V Annular synchronous generator
Samsung S7.0 171 7MW 3.3kV Permanent magnet generator
MHI Sea Angel 7MW 6.6 kV Brushless synchronous generator
Repower 6 MW 6.6 kV Double Fed Asynchronous generator
SiemeniSSOWT-G.O 6 MW 690 V Permanent magnet generator
AIstoTFBaliade 6 MW 900 V Permanent magnet generator
2.2.2 Output Voltage

The most common AC collection system for offshore wind farms is a 33 kV system,
where the collection grid is a 33 kv AC voltage connected to the onshore grid
through a 150 kV submarine cable. Since higher voltage levels can increase power
transfer and reduce losses, moving from the presently favoured 33 kV voltage level
to a higher voltage constitutes on-going research. In a DC configuration, the choice
of collection grid voltage level has an influence on the efficiency and component size
of the MV DC/DC converter, as well as the downstream HV DC/DC converter [71].
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In addition, the output voltage defines the manner in which the modules of the
proposed converter are stacked allowing the converter to achieve the required
conversion ratio. In general, an isolation transformer with unity turns ratio is
preferred since it results in simple construction and minimum leakage inductance. An
MVDC grid has been designed for a 40 kV, 300 MW rated wind farm [72], and a 30
kV DC collection grid is proposed for an offshore wind farm with 150 MW power
rating [11]. Hence, a DC voltage of 30-60 kV is considered as the nominal voltage

for the collection grid.

2.2.3 Operation Frequency

Since the voltage at the terminals of the transformer does not need to be sinusoidal or
at 50 or 60 Hz, a medium- or high-frequency transformer is selected in order to reach
a high power density in the isolated DC/DC converter design. The use of a medium-
or high-frequency isolation transformer in the AC link leads to a drastic reduction in
the size and weight of the transformer, resulting in a compact DC/DC converter. It is
stated that the estimated weight of a 1200 Hz transformer is 8 % of that of a 50 Hz
transformer for a 3 MW wind turbine [69]. However, the switching frequency is a
trade-off between power losses and power density. A 5 MW rated DAB 3-phase
DC/DC converter with 1 kHz switching frequency has been proposed [10], as has a
166 kW rated DC/DC converter operating at 20 kHz [73]. In order to keep the size of
the transformer as small as possible without significant sacrifice to its efficiency, a
medium-frequency (1 kHz<f<20 kHz) transformer is preferred in this application.
However, the combination of medium frequency and high power results in strong
parasitic effects in the transformer core material, decreasing its efficiency and

reliability. Transformer core material is discussed further in Chapter 3.

2.3 Summary

This chapter presents a brief review of various high-power converter topologies and
focuses on possible candidates for DC/DC converters suitable for offshore wind farm
collection networks. A range of circuit topologies have been examined, primarily
considering the viability and reliability in high-power and medium-voltage

applications. The capabilities and limitations of the presented converters have also
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been appraised. Amongst the DC/DC converters discussed, the parallel-series

modular converter has been evaluated to be the most promising and appropriate

solution for offshore collection applications, offering features such as scalability,

high efficiency, low production cost, small footprint, high reliability, and controlled

dv/dt. Particularly, its modular architecture offers many advantages in terms of

internal fault management, reconfiguration ability, and reduced filter size resulting

from interleaved control. Additionally, the general operating requirements of the

DC/DC converter for offshore collection grid have been defined.
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Chapter 3: Parallel-Series Modular DC/DC

Converter and Module Selection

Chapter 2 has presented the main motivations for suggesting parallel-series modular
converters for realisation of offshore wind farm DC collection networks. However,
many design aspects need to be investigated to determine their feasibility for the
proposed application. In this chapter, four types of parallel or series connected
modular DC/DC converters will be explored, namely, input-series output-series
(ISOS), input-series output-parallel (ISOP), input-parallel output-parallel (IPOP),
and input-parallel output-series (IPOS). Moreover, the power sharing control
strategies for each type are investigated, since the viability of these converters for the
aforesaid application is dependent on the power sharing stability. In Section 2, three
choices for possible module topologies are evaluated, including discussion and
assessment of merits and limitations. Finally, the design of the converter is evaluated

further in the context of the transformer core material.
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3.1 Parallel-Series Connection

The parallel-series modular converter, which consists of multiple modules connected
in series or parallel both at the input and output sides, has drawn attention due to its
distinct features, including the possibility of usage of low-power rating devices for a
high-power application, increased system reliability due to the reduced stresses on
the devices, increased power density with interleaved control amongst the modules,
and ease of reconfiguration of the power stage to meet different input and output
voltage specifications [1-3]. In addition, the significant benefits regarding cost and
time due to the standardised modular approach is discernible, and more importantly,

fault-tolerant redundancy can be easily implemented with such a modular structure.

Amongst the four possible connections presented in Chapter 2, the structure should
be chosen depending on the particular types of applications being considered.
Generally, parallel connection is an approach that is widely used in applications
involving high current at the input or output sides. For applications involving high

input or output voltage, series connection is suitable.

Despite the claimed modularity, practical modules are usually not identical due to the
different tolerance and nonlinearities of the active and passive components used in
the power stage. It is therefore important to consider issues resulting from
mismatches between the modules [2]. Normally, the module that contributes more
power may experience thermal overstress, and this may degrade the system
performance and result in premature system failure. Consequently, it is essential to
develop a dedicated power sharing control scheme to distribute the total power
equally amongst the modules during steady-state and transient operations [4].
Generally, power sharing methods are classified into two categories from a control
mechanism viewpoint. These are the droop method and the active sharing method.
Although droop control does not need any wire interconnections, only active sharing

methods are considered in this study due to the limited regulation of droop control.

Previous research has explored the common duty-cycle scheme [5], the master-slave
approach [6], the average sharing scheme [7], and other active sharing control
approaches. Common duty-cycle control, which simplifies control functions with a

single central controller, is an extremely simple and effective technique. However,
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this centralised control yields single points of failure and cannot respond to module
mismatches. When the master-slave and average sharing approaches are employed to
equalise power distribution between non-identical modules, each module requires its
own controller to obtain each module’s local information when making the control
decisions [8]. In the master-slave scheme, one master module is responsible for load
regulation whilst the slave is devoted to ensuring power balance. In contrast, instead
of following the master module’s reference, all the modules have an equalised role in
the average sharing control system. For transient response, the average sharing
scheme provides more stable performance than the master-slave sharing method.
Considering reliability, the side effect of the master-slave sharing method is that a
defective master may cause failure of the whole system. This is in contrast to an
average sharing control system where a damaged module does not give rise to whole
system failure [9]. However, fault ride-through under slave module failure may be
achieved more simply using master-slave control, with power being evenly shared
amongst the remaining healthy modules to avoid module overload that could lead to
cascade failure of the entire system. This is because fault tracking is easier than with
the average sharing scheme where all modules take the same roles [10]. More

discussion regarding the control techniques will be provided in the following sections.

Table 3.1: Comparison of four parallel-series modular converters

Topology Suitable application Required control
ISOP H_igh input voltage Input voltage control
High output current Output current control
1SOS I—!igh input voltage Input voltage control
High output voltage Output voltage control
IPOP I—!igh input current Input current control
High output current Output current control
IPOS I—_|igh input current Input current control
High output voltage Output voltage control

Table 3.1 illustrates suitable applications for the four parallel-series connections, and
the controls that have to be integrated to equalise the currents and voltages at the
input and output sides of the individual modules. It can be seen that the objective of

parallel connection is to share the current amongst the constituent modules, whilst
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the objective of series connection is to balance the voltage amongst the constituent
modules. The following section will focus on the features and control methods for
the four connections presented in Table 3.1.

3.1.1 Input-Series Output-Parallel Connection

1

0
— +

= |Module 1

‘A"‘
~

Module 2

= | Module n

Fig.3.1: Schematic of an n-module ISOP DC/DC converter

The ISOP system shown in Fig.3.1 is widely adopted in high-speed train power
systems, industrial drives and undersea observatories [11-13]. In addition, this
configuration is a promising candidate for realising high step-down voltage ratios [14]
with small transformer turns-ratio, leading to small leakage inductance and, thus, low
power loss [15]. Additionally, the ability to dynamically collapse the input voltage
and shut down modules according to input voltage requirements can achieve a higher
overall efficiency and a wider operating range [16].

In the ISOP configuration, the input voltage for each module is reduced to Vin/n,
whilst the modular output current is reduced to 1o/n, where n is the number of the
modules, and Vi, and I, are the input voltage and output current of the ISOP
converter respectively. The main objective of the control system is to achieve power
sharing balance irrespective of module mismatch, and to ensure even input voltage

sharing (IVS) and output current sharing (OCS) for all constituent modules.

The common duty-cycle scheme is proposed [5, 17] which utilises a common output
voltage controller with an inner load current loop without specific input voltage or
output current sharing loops. This scheme ensures power sharing through the

inherent self-correcting mechanism. A form of sensor-less current-mode control is
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proposed [15] to achieve IVS, which has a similar control mechanism as that of
common duty-cycle control. Although common duty-cycle control can achieve stable
operation using a simple control scheme, component tolerances affect its power,
input voltage and output current sharing performance. It ensures equal power sharing
only when modules are identical [18]. Moreover, it does not facilitate reconfiguration,
which is necessary to enable isolation of a failed module, whilst the system remains
operational [19], and this indicates the need for a dedicated power sharing control

scheme.

In order to guarantee power sharing, a three-loop control scheme, consisting of a
common output voltage loop, individual inner current loops and IVS loops, is
proposed [20]. However, the interaction amongst the control loops may degrade its
performance. A decoupled three-loop master-slave control scheme is proposed [19]
to achieve IVS, however with this control technique, the system may fail once the
master module has a malfunction. In contrast to the fact that a dedicated IVS
controller results in uniform OCS in the presence of substantial differences in various
parameters, the OCS loop does not guarantee stable operation due to the induced
runaway of the module input voltages caused by the negative input resistance
property of the DC/DC converters [12, 20]. However, a cross-feedback OCS scheme
[21] which eliminates the input voltage feed-forward term shows satisfactory results.

3.1.2 Input-Series Output-Series Connection

= | Module 1

+ 1 |+
y L =+ |Module 2 s 14

—

_i__
T Module n

Fig.3.2: Schematic of an n-module ISOS DC/DC converter
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Similar to the ISOP connected modular converter, the 1SOS configuration shown in
Fig.3.2 can facilitate high input voltage applications due to the same input-series
connection. In addition, this configuration is desirable for high input and output
voltage applications, such as medium-voltage power systems. The input and output

voltages of each module are Vin/n and V,/n respectively.

Proper operation of an ISOS system is achieved when even input and output voltage
sharing is ensured amongst the modules. Unlike an ISOP system, the ISOS
configuration tends to be unstable under common duty-ratio control due to its weak
natural balancing ability [1]. Similar to the ISOP configuration, it requires an 1VS
loop for the input-series connection [12]. Hence, a dedicated input voltage control
needs to be implemented for an ISOS system to achieve IVS and output voltage

sharing (OVYS) in the presence of mismatches between the modules.

A three-loop control scheme, including a common load voltage controller, an input
voltage controller and an individual inner current controller, has been proposed [7].
A similar control scheme is adopted for an ISOS connected inverter system [22].
Although it is found that IVS and OVS cannot be realised through an OVS controller,
OVS control has been successfully applied to a two-module ISOS DC/DC converter
by exchanging their duty cycles [19]. However, it is only suitable for a two-module
ISOS system and cannot be applied to an 1ISOS system consisting of three or more
modules. A control scheme based on the output-voltage gradient regulation
characteristics for each module and without a current loop has been presented [23].
However, individual current loops are necessary to provide overload protection and

DC fault protection in the proposed application.
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3.1.3 Input-Parallel Output-Parallel Connection
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Fig.3.3: Schematic of an n-module IPOP DC/DC converter

Fig.3.3 shows the block diagram of an IPOP connected modular DC/DC converter.
The parallel system of power modules is desirable for high-power applications, with
high input and output currents. Moreover, connecting the modules in an IPOP
configuration provides the advantages of increased power capacity, power density
and reliability of the power electronic system [24-26]. For computer and
telecommunication industries, and distributed power systems, the IPOP system is
preferred [11]. The input and output currents of each module in an IPOP converter
are lip/n and ly/n respectively, where I;, and |, respectively are the converter input
and output currents. It is known that the major concern of operating modules in

parallel is the current distribution between the modules.

Several control schemes have been proposed to ensure equal input and output current
sharing between non-identical modules. A common duty-cycle approach has been
discussed [25], however, precise current balance cannot be obtained. Two different
schemes for realising active load current sharing between these parallel modules
have been proposed [9], where master-slave control and central-limit control are
addressed and compared, considering dynamic performance and fault-tolerant
operation. A systematic classification of all possible parallel connected structures and
control configurations of load current sharing for the IPOP architecture have been
presented [27], proving the presence of a current sharing loop is important for

achieving good performance.
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3.1.4 Input-Parallel Output-Series Connection
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Fig.3.4: Schematic of an n-module IPOS DC/DC converter

In an effort to address the high-power step-up converter, an IPOS configuration that
involves parallel connection at the input sides and series connection at the output
sides is introduced. Fig.3.4 shows the IPOS connected DC/DC converter which can
be used for reducing the input current stresses and output voltage stresses since the
input current and output voltage for each module are reduced to li,/n and V,/n
respectively. Apart from the benefits of input-parallel connection, an output-series
connected converter enables the flexibility of expansion and transforms input voltage
to a much higher output voltage. Consequently, a transformer with lower voltage
ratio can be applied with the IPOS system, leading to lower leakage inductance [28,
29].

Since the modules share a common input power source and a common output load,
as shown in Fig.3.4, component variations would result in non-uniformly distributed
power between the modules. Hence, it is necessary to incorporate a dedicated OVS
loop or input current sharing (ICS) loop [30].

One control topology [31] utilises one master’s voltage loop output as the slaves’
inner current control loop reference. However, equal power regulation is only
achieved when it is assumed that all modules are identical. A common duty-cycle
scheme [32] has been shown to be incapable of ensuring power sharing between
modules without a dedicated power sharing loop. Moreover, this approach is not

suitable for medium-voltage applications, as modules may be exposed to the risk of
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damage from over-voltages during transients. A three-loop control system for a
DC/AC inverter has been proposed [33], and consists of an outer common output
voltage loop, OVS loops and inner current loops, where each modular output voltage
is regulated to Vy/n to ensure power balance. However, the interaction between the

multiple loops and the fault-tolerant control scheme are not considered.

DC DC ——///™
AC | AC

DC DC
AC AC

DC DC
AC AC S

' DC DC —

Fig.3.5: Proposed IPOS connected modular DC/DC converter configuration

It is shown that an IPOS system is well suited for renewable energy systems,
particularly, when high step-up ratio is required. For example, an IPOS connected
modular DC/DC converter for integration of a low-voltage renewable energy source
to a medium-voltage network, such as the collection networks for airborne wind
energy, offshore wind energy and photovoltaic power systems, has been employed
[34-36]. A 20 MW, 250 kV DC boost conversion system for offshore HVDC
transmission system, consisting of 40 DAB modules in an IPOS connection has been
proposed [37]. Hence, a DC/DC converter with IPOS connection and galvanic
isolation provided by a medium-frequency transformer, as shown in Fig.3.5, is
selected to address the conversion system for the offshore wind farm MVDC

collection network.

3.2 Design Aspects of Converter Module

In the proposed application, the DC/DC converter is required to operate at megawatt

power levels with high-voltage and at medium-frequency. Currently, there is no such
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DC/DC converter available in the market for scaling up to this power level. IPOS
topologies previously outlined are employed to help reduce the individual module
rating. Apart from the IPOS topologies, several design aspects need to be specified to
address the medium-power DC/DC converter. Firstly, the choice of module topology
is one of the most important aspects to achieve high-efficiency and good
performance over a wide range of operating conditions. Hence, the following section
firstly examines three isolated DC/DC converters as the potential choices of module
topology to determine the most suitable topology. In addition, the medium-frequency
transformer is another key element that provides isolation and step up of the voltage
levels. Consequently, issues associated with choices of transformer core are also
analysed in the following section.

3.2.1 Choices of Module Topology

Fig.3.6 shows a general classification of high-power DC/DC converters with
galvanic isolation according to their operating features. The three main categories are

non-resonant topologies, resonant topologies and hybrid topologies.

High-power DC/DC
converter with galvanic
isolation

A

y A 4 Y
Non-resonant Resonant Hybrid
strucutre strucutre strucutre
Hard switching Soft switching Load resonant Switch resonant Partial resonant  Resonant

transition
(1) Half-bridge (1) Single-active (1) Series resonant (1) Quasi resonant| [(1) Hybrid series (1) ZVS phase

bridge (2) Parallel resonant forward/flyback resonant shifted full-
(2) Full-bridge (2) Dual-active (3)LLC (2) Output filter  bridge
bridge (4)LCC resonant

Fig.3.6: General classification of DC/DC converter with galvanic isolation
A. Phase Shifted Full-bridge Converter

For the non-resonant hard switching topologies, the switches experience significant
high power losses due to the simultaneous overlap of voltage and current during the
switching transients. Comparing the half-bridge and full-bridge topologies, the
maximum output voltage of the full-bridge converter is twice that of the half-bridge
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converter with the same DC input voltage, which offers a distinct advantage in high-
power applications. Full-bridge converters can either be controlled by hard switching
control or phase shift control with hybrid structure. For zero voltage switching (ZVS)
phase shifted full-bridge converters, the resonant transition is enabled by the snubber
capacitors across the transistors, leading to minimised switching losses and EMI
signature. Moreover, a much higher switching frequency is possible with this
technique when compared to a hard switching topology. Therefore, a phase shifted
full-bridge topology outperforms the conventional full-bridge converter and is
therefore adopted in this study. Note that it is difficult to sustain soft switching over

the whole load range.
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Fig.3.7: ZVS phase shifted full-bridge converter

A phase shifted full-bridge converter, shown in Fig.3.7, consists of a full-bridge
inverter, a diode bridge rectifier and a transformer, and is one of the most attractive
DC/DC converters due to its ability to achieve ZVS for all the active switches

through phase shift modulation (PSM) and the inclusion of parasitic circuit elements.

S; and S, are switched in anti-phase with 50 % duty cycle. Sz and S4 are similarly
switched. The switching control signals for S; and S, are phase shifted with respect to
those applied to S3 and S, to form a PWM output signal and Vc; and V¢, are the
equivalent AC output voltages from each leg. The phase shift angle ¢, shown in
Fig.3.8 dictates the amount of power transferred to the load. It can be seen from
Fig.3.8 that the controlled bridge presents a square waveform voltage to the high-
frequency transformer in the ac link. Furthermore, EMI filter design can be

simplified as a result of constant frequency control. For ZVS operation, the leakage
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inductance of the transformer and the snubber capacitances across the switches are
utilised as the resonant tank to reduce the turn on and turn off losses. Hence, the
phase shifted full-bridge converter reduces the switching losses, thereby enabling a

higher switching frequency.
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Fig.3.8: PWM and operating waveforms for phase shifted full-bridge converter

Although the presence of circulating current during off-time and the hard switching
for the diode bridge limit its benefits, the phase shifted full-bridge converter is a
viable choice for the proposed application due to its simplicity, low mass magnetics,

constant frequency operation, high efficiency and lack of auxiliary circuits [38].

B. Full-Bridge LC Resonant Converter

In respect of ZVS or ZCS soft-switching, load resonant converters, where a resonant
network comprising inductors and capacitors modifies the voltage and current in
order to turn on and off at zero voltage or zero current, are also widely implemented
in high-power applications [39, 40]. Although there are number of possible
combinations in the resonant network, the three widely used load resonant converters
are series resonant converter (SRC), parallel resonant converter (PRC) and series-
parallel resonant converter (SPRC). The latter one, consisting of three reactive

elements in the resonant network e.g. LCC or LLC, combines the advantages of the
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SRC and PRC at the cost of more complex designs and more elements. Collectively,
resonant converters help to reduce losses by switching at zero voltage or current, thus
increasing power density and enabling operation at a higher switching frequency [41,
42].
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Fig.3.9: Full-bridge LC resonant converter

For the SRC converter shown in Fig.3.9, two reactive elements (inductance L and
capacitance C) are placed in series with the load. The converter adjusts its switching
frequency above but near the resonant frequency of the AC link shown in (3.1) to
obtain ZVS operation.
f, = (1)
Zﬂ\/ﬁ

However, the full-bridge resonant converter requires a large frequency range under

light load conditions, leading to large dimension passive components. Otherwise, soft
switching is only limited to a narrow load range, and the circulating currents are
increased [43]. Further, the SRC cannot be regulated in the case of no-load. In
addition, the current through and voltage across the resonant tank tend to be
extremely high due to resonance, thus increasing stresses and requiring a large and
heavy resonant inductor and capacitor. Note that the values of the characteristic
impedance of the tank and the transformer turns-ratio need to be carefully chosen to
yield the lowest peak resonant tank voltage and current for a given output power [44].
In addition, the interleaved control scheme cannot apply to parallel-series connected
modular converter with full-bridge LC resonant modules due to the variable

frequency operations between the moduels. For the PRC configuration, the output
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voltage can be regulated at no load. However, the currents through the switches and
resonant tank do not decrease with decreasing load and consequently it has a higher
circulating current than the SRC. Moreover, an additional output inductor is required
which adds volume to the converter. Similarly, the shortcoming of the SPRC is that it
has larger footprint due to the extra capacitor (within LCC case) or inductor (within
LLC case) employed. Hence, load resonant converters are rendered less attractive
than the phase shifted full-bridge converter, and thus they are not considered any
further in this study.

C. Dual-Active Bridge Converter

Apart from resonant converters, non-resonant soft-switching topologies can also
enable operation with ZVS or ZCS over a limited range, leading to a drastic
reduction of the switching losses compared with hard switching topologies. The
dual-active bridge (DAB) converter which is shown in Fig.3.10 utilises transformer
leakage inductance as the energy transfer element, which eliminates the output
inductor compared with the conventional full-bridge DC/DC converter. In addition,
they achieve ZVS operation over a reasonable operating range without additional
resonant circuits by incorporating the transformer leakage inductance, thus achieving
high efficiency [45]. However, the lack of output filter inductance in this cases
greatly increases the required ripple current carrying requirements of the output

capacitance.
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Fig.3.10: Dual-active bridge converter

To address the increasing needs of bidirectional energy transfer systems and energy

storage systems, interest in this bidirectional DC/DC converter has increased. The
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DAB converter consisting of two active bridges interfaced by a high-frequency
isolation transformer, one operating in rectification AC/DC mode and the other
operating in inversion DC/AC mode, has been introduced. Apart from the capability
of buck-boost operation, the DAB converter enables bidirectional power flow by
phase shifting the high-frequency resonant transition square waves from each bridge
to change the direction and magnitude of the inductor current. The transmission

power of the DAB converer can be derived as (3.2).

VARV

vV

Psquare = 272_2 fan (ﬂ(ﬂ'—gﬂ)

3.2)

where Vims1 and Vimsz are the root mean square (RMS) of sinusoical waves, V; and V;
are the primary and secondary voltages, n is the transformer turns ratio, ¢ is the
phase shift between AC voltages which determines the direction of power flow, and
L is the leakage inductance of the transformer which determines the maximum

amount of transferable power for a given switching frequency.
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Fig.3.11: Transmission power characterisation for SPS control

In respect of the control strategy, different modulation schemes are proposed
including single-phase-shift (SPS) control, extended-phase-shift (EPS) control, dual-
phase-shift (DPS) control and triple-phase-shift (TPS) control, etc. [49]. SPS control
is discussed here due to the fact that it is the most feasible strategy in the view of its
simple implementation. The transmission power characterisation of SPS control is

shown in Fig.3.11, where D=¢/z is the phase shift ratio. It can be seen that
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transmission power curve is symmetric, and that zero and maximum power
transmission are achieved at D=0 and D=0.5 respectively. With the symmetric circuit
structure, converter efficiency is independent of the actual power transfer direction.

Fig.3.12 illustrates the PWM waveforms for SPS control, where S1-S4 and S;1-Sy4 are
the square-wave gate signals for the eight switches, Vc; and Ve, are the equivalent
AC output voltages from two bridges, and i, is the inductor current. Through
adjusting the phase-shift angle, the power flow direction and magnitude can simply
be controlled through simple-fixed frequency phase-shifting control. However, it
would be problematic due to the circulating power introduced by the phase-shift
modulation when the voltage amplitudes of the two sides of the transformer are not
matched. In addition, the converter cannot achieve ZVS across the whole power

range, particularly under light load conditions [45].
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Fig.3.12: SPS control for DAB converter
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Although bidirectional power flow capability is not required in the proposed
application, some active switches can be replaced with diodes. In addition,
concerning storage systems, distribution grids and wind turbine black-start, a DAB
converter is considered as a potential candidate because of its advantages of
bidirectional power transfer capability, high power density, high gain ability, and

inherent soft-switching feasibility [49].

Several topologies are discussed with their benefits and shortcomings. Based on
these findings, the phase shifted full-bridge converter and DAB converter are
considered the most promising with respect to high input-to-output ratio, high
efficiency and high power density. The phase shifted full-bridge converter is adopted
as the module topology in the parallel-series connected modular converter in Chapter
4 and Chapter 5. A parallel-series connected modular DC/DC converter based on a
DAB module is presented in Chapter 6. The following section will further discuss the

choices of transformer core.

3.2.2 Choices of Transformer Core

In the modular DC/DC converter being studied, it is possible to replace the line-
frequency transformer with a medium- or high-frequency transformer as it reduces
the size and weight of the magnetics, leading to a reduced size of the whole power
conversion system. Therefore, the medium- or high-frequency transformer is the key
component to address the high-power DC/DC converter. Considering the whole
transformer, magnetic core materials are considered one of the most critical
components that affect the DC/DC converter’s efficiency, size and dynamic response
[50]. Therefore, high performance core material is required in order to maximise the

performance of the converter.

Ferrites are usually employed in the high-frequency transformer core owing to the
features of low residual flux and high resistivity. For operation frequency above 100
kHz, ferrites are normally the only choice available. However, the issues of low flux
saturation, Curie temperature and magnetic permeability may result in large size,
unstable operation states and poor temperature properties [49]. On the contrary,
nanocrystalline starts to be commercialised as one of the most promising magnetics

materials.
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Table 3.2: Characteristic comparisons of nanocrystalline alloy and ferrites

Parameter Nanocrystalline alloy  Ferrite
Saturation magnetic flux density Bs (T) 1.2 0.2-0.4
Residual magnetic flux density Br (T) <0.2 0.2
Iron loss (20kHz/0.2T) (W/Kg) <3.4 7.5
Magnetic permeability >20000 2000
Coercive force Hc (A/m) <16 6
Curie temperature (°C) 570 <200

A 500 kVA prototype transformer has been successfully tested with 8 kHz operating
frequency [51]. The weight of the prototype is only 18 kg and the stray inductance is
2.3 uH. A high-density transformer using a nanocrystalline core developed for a 30
kW, 200 kHz resonant converter has been proposed [52]. Nanocrystalline material
has been applied to a 1 MW bidirectional DC/DC converter operating at 20 kHz [53].
From the comparisons in Table 3.2, it can be seen that nanocrystalline alloy called
NANOPERM with higher saturation flux density, lower loss density, and higher
Curie temperature has shown promise for significantly improved efficiency and
power density for high-power, high-frequency applications. Therefore, the

nanocrystalline alloy core is chosen in this study.

3.3 Summary

DC/DC converters that can facilitate DC/DC conversion in offshore DC collection
network are still under development. Given the proposed parallel-series connected
modular DC/DC converter, this chapter firstly introduces the control strategies
applicable to parallel-series connections. From these assessments, a converter with
IPOS connection that is most suited to the proposed application is selected. Secondly,
the phase shifted full-bridge converter and the DAB converter are selected as
promising module topologies after assessing several high-power isolated DC/DC
converters. Simulation and experimental results of the proposed converters are
presented in the following chapters. Finally, nanocrystalline alloy and ferrite are

assessed based on their suitability for medium-power and medium-frequency
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transformers, and nanocrystalline alloy is chosen based on its higher saturation flux

density, lower loss density, and higher Curie temperature.
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Chapter 4: IPOS  Connected  Modular
DC/DC Converter

This chapter presents a control strategy based on a ‘master-slave’ scheme that
enables power sharing between modules in an input-parallel output-series (IPOS)
connected modular DC/DC converter where there are mismatches between module
components, and achieves fault-tolerant operation during internal module failure.
First, this chapter introduces the IPOS connected modular DC/DC converter and then
power sharing issues in the proposed converter are discussed. Following that, control
topology design, including small-signal modelling, large-signal modelling and the
proposed power sharing strategy, is addressed. Power sharing performance between
modules with mismatched components, and (n+1) redundancy in the event that the
master module is faulted are compared with those of a widely-used control approach.
Finally, both simulation and experimental results are presented to test the viability of

the proposed control scheme.
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4.1 IPOS Connection Background
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Fig.4.1: IPOS converter topology with full-bridge DC/DC modules

Parallel-series architectures can be classified into four categories based on their
connection. These categories are input-parallel output-parallel (IPOP), input-parallel
output-series (IPOS), input-series output-parallel (ISOP) and input-series output-
series (ISOS) [1]. It has been stated in Chapter 3 that IPOS connection is most
suitable for high input-to-output conversion ratios, as required for interfacing wind
turbine generators to a medium-voltage DC collection network. Input-parallel
connection improves power handling capability, dynamic performance and enables
fault-tolerant operation [2], whilst the output-series connection of the high-voltage
side has the capability of supporting the collection network voltage and reducing
voltage stress per device, thus avoiding the need for high-voltage diodes with short

recovery time.

Fig.4.1 represents a generic IPOS connected modular DC/DC converter with n phase
shifted full-bridge modules. In contrast to the topology where a single converter
manages all the power, the power is equally shared by all the modules in the
converter, thereby reducing thermal and electrical stresses on the switching devices

and passive components. In addition, connection of multiple low-power rating
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modules provides an excellent solution, with improved robustness and the possibility
for fault-tolerant operation as a result of (n+k) designed redundancy. Reduced filter
size can be achieved due to the interleaved control. Moreover, the use of power
electronic building blocks (PEBB) reduces production and deployment costs [1, 3].

4.2 Power Sharing Issue with IPOS Connected Modular
DC/DC Converter

In typical applications, modules are not identical, having inherent component
mismatches such as differences in transformer coupling coefficient, capacitances and
semiconductor devices nonlinearities, and these may cause unequal power
distribution between the modules. System reliability may suffer because the modules
that contribute a greater portion of the power are thermally overstressed [4, 5].
Therefore, reliable operation of the IPOS connected DC/DC converter requires a
control mechanism that ensures equal power sharing amongst the constituent
modules under all conditions, including cases when module components have

noticeable mismatches and internal module failure.

The efficiency of each module is assumed to be 100% and there are n modules in
total. The relationship between input and output power can be obtained for each
module as (4.1).

in"inl — Yo2'0 (41)

Vol =V I

in "inn on'o

where Vi, is the DC input voltage, lin1, linz,..., linn are the module input currents, Vo,
Vo2,..., Von are the module output voltages, and |, is the load current. In the steady-
state condition, the average filter capacitor current is zero, and therefore output filter
inductor currents are identical except for a small ripple component. If output voltage
sharing (OVS) is achieved, then, Vy1=Vo2=...=Von. Substituting this result for OVS
into (4.1) gives (4.2).

Iinl = Iir12 == Iinn (42)
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It should be noted that input current sharing (ICS) is automatically achieved as long
as OVS is achieved. Alternatively, if all modules share the same input current, then

output voltage sharing is also achieved.

This study proposes a ‘master-slave’ control scheme using OVS control to obtain
power balancing between the modules. First, the response of the converter to small
perturbations is introduced so that the linear small-signal model for the proposed
converter can be deduced.

4.3 Small-Signal Modelling for IPOS Connected Two-
module Converter

V., Ad,

1 s . .
A l’m (Adfl +L\dr% Al.f,” Ato
| .,

L.f'l §

D,
I

er’n(Adil +Ad\'l) ‘) () ZVEIJAd] ::Avul
kR, [ kR

0

1
Av, ® }

Fig.4.2: Small-signal equivalent circuit of the IPOS connected 2-module converter

The small-signal model of the proposed converter is deduced by linearising about a
given steady-state operating point, and used to design the control scheme. The small-
signal equivalent circuit of the IPOS connected converter with two phase-shift full-
bridge modules shown in Fig.4.2 builds on a single module converter model [6],
where k; and k, are the transformer turns-ratios, D, is the effective duty cycle per
module, and Ly, Ly, Cq and Cr, are the filter inductances and capacitances for
modules 1 and 2 respectively. Input voltage perturbation is represented by Avi,, input
current perturbations for the two modules are Aiiny and Aiiq, respectively, and filter
inductor current and capacitor voltage perturbations are represented by Aii, Ay,

AVo1 and Avy; respectively. Ad; and Ad, are duty cycle perturbations, and Ady1, Ad,s,
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Adiy and Ad;, respectively represent duty cycle perturbations due to input voltage and

output current as defined in (4.3),

4L f, .

Adu:_ kVin Alyy (4,3)
4L f, .

Ad;, = _WA'M

where L, is the transformer leakage inductance. To reduce the complexity of the
small-signal transfer functions based on the feature of modularity [7], it is assumed
that two modules have the same effective duty cycle, transformer turns-ratios, and
capacitor and inductor values, i.e. ki=k,=k, Lu=Lp=L; and Cyp=Cp=C;. From
Fig.4.2, KVL and KCL equations of the converter are obtained as (4.4).

% +\%(Adl +Ad,, +Ad,, ) = sL Aiy, +Av,,

%Q%(Adz +Ad,, +Ady,) = SL, Aiy, + AV,
DLeAim1 = i\é': (Ad, +Ad,, +Ad,; )+ Aiy, “9
D%Aim _ iLRi:(Adz +Ad,, +Ady, )+ Ay,

Module voltage perturbations are given as (4.5), which highlights the interaction
between modules.

1 ... Ay, +Av,

AV, = E (Allfl - R, )
1 . AV_, + AV (4.5)

AV, = ——(Ai,, ——2—02

02 SCf ( If 2 RO )

This can be rewritten as (4.6).
Av, =GR L Ai
“ " s%C,’R +2sC, " s’C,’R +2sC, '’
1 _ 1+sC,R, . (4.6)
Av,, =

— Al + I
°  §’C,°R,+2sC, ' S’C/’R,+2sC, '’
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Rearranging (4.6), the transfer function between module output voltages and currents

can be obtained in the matrix form (4.7),

|:Avolj| _ {Gn Glz} Aim
AVoz G21 Gzz Ainz (4'7)
where
G =G = 1+sC(R,
HOT® 520 2R +25C,
1 (4.8)
GlZ = Gu =

~ $°C,2R, +2sC,

Addition of the first two equations in (4.4) gives (4.9).

2D.Av, +\%(Adl +Ad,, +Ad, +Ad, + Ad,, + Ad,,)

k (4.9)

=SL;Ai;, +Av,, +SL,Ai,, +Av,,
Assuming that Av;,=0, and Ady=0 (k=1,2 and k#j), the relationship between load
voltage and duty cycle, derived from the (4.5) and (4.9), is used to design the system

output voltage controller.

G . - Av, V, Tk
ovd . - 2L
Ad, Lfosz+[—f+4L’2fs Cf]s+8|;r 11 (4.10)
R K KR,

Substituting (4.3) and (4.6) into (4.10), assuming Av;,=0, yields (4.11).

V. 1+C,R,s 4L f, . . 1 .

- Ad, =[L,s+ —— +—L5Ai, — Ai

¢ Ad =L C,’Rs*+2C,s k* = "™ C,*Rs*+2C,;s "

_ 1+C,R;s (4.11)
\iAdzz_ - 3 Aigy +[L S+ =y — +4erfs Ai,

k C,"R,s°+2C;s C,'R,;s°+2C,;s Kk

Rearranging (4.11), the relationship between duty cycles and inductor currents can be
represented as (4.12), highlighting that the current controllers for each module are

designed independently,
Al {gn glz}{Adl}
A, U, Oy || Ad, (4.12)
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where

1+sC,R
Vol + g e+ ety
o s°C,°R, +2sC, k
O =0z = R, AL f, 2+sC,R, 4L f,
K(sL; + 5~ + ) x(sLy + 5 + )
s°C,°R, +2sC, k s°C;"R,+2sC, k
-1
V.
o '”(sch2R0+25Cf)
% =0z =7 R, 4L 1, 2+sC,R, 4L f,
K(sL; + 5~ +— )% (SLy + 5 + )
s°C,°R, +2sC, k s°C,°R, +2sC, k

The transfer function between module output voltage and duty cycle is given in (4.13)

and provides the basis for design of the output voltage sharing controller.
{Aﬂ{% GnMAim}
AVOZ GZl G22 AiIf2
— |:Gll GlZ :||: gll ng :|{Adl:| 4 13
GZl GZZ ng gZZ AdZ ( . )

:|:Gllgll +612921 Gllglz +G12922 j||:Adlj|
G21gll + G22921 G21912 + G22 922 Adz

The transfer functions which are obtained from the small-signal model are used to
select initial gains for inner current and outer voltage controllers. These gains are
further optimised using time-domain simulation to ensure acceptable performance is
achieved over the full operating range (from no load to full load, including during
transients and reconfiguration of modules). This is to remove the dependency of
controller performance on the quiescent point, which is the main limitation of model

based controller designs that use linearised system models.

A new control strategy that aims to cope with substantial parameter mismatches
between modules, and which track its DC output voltage reference without exposing
the converter to the risk of parameter uncertainty and exogenous disturbance, is

presented in the following section.
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4.4 Novel Control Strategy in Normal Operation

In the master-slave control method, the master module is responsible for load
regulation whilst the slaves ensure equal current or voltage sharing amongst the
modules. The proposed ‘master-slave’ control strategy for the IPOS DC/DC
converter with n modules that facilitates power sharing amongst the modules with
mismatched components in normal operation consists of three loops: the master
module to produce control signal A: (current command) to control the output voltage,
(n-1) slave modules to produce the voltage balancing current reference quantities Ai;
(i=1,2,...,n-1) by OVS control, and individual inner current loops for each module.
Details of the design of the proposed novel ‘master-slave’ control strategy are given

in the following sections.

4.4.1 Output Voltage Control

The outer control loop of the IPOS DC/DC converter acts to regulate the total output
voltage achieved by the constituent modules which must operate as a single
composite converter. However, DC/DC converters are inherently nonlinear systems
whose behaviour is set by circuit parameters which are subject to measurement
uncertainty and variation due to ageing and thermal effects. Established linear
control techniques, such as Pl control, provide a simple implementation for the
output voltage controller. However, this approach may limit converter performance.
Alternatively, nonlinear techniques can be employed which have the capability of
obtaining a more accurate representation of the system dynamics, and which can

provide robust response to parameter variations and enhanced transient responses [8].

Most of the nonlinear control laws are complex, which makes them difficult to apply,
but the large-signal linear schemes have the advantage of reducing the proposed
converter model to an equivalent output filter model which significantly simplifies
the control design process [9, 10]. This study uses two nonlinear control algorithms,
Lyapunov control and sliding-mode control, developed around the linearised large-
signal model to control the output voltage. Simulation and experimental results for

the proposed nonlinear controller and the PI controller are compared to show how the
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nonlinear controllers are better defined and less subject to system uncertainty and
variation, whilst a detailed stability and robustness analysis are presented as follows.
A. Linearisation Large-signal Scheme for IPOS DC/DC Converter

5 - _ 2 ],‘ L;'
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Inverter Rectifier Output filter

5 € Controller
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c
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V. ' I [ 7 L%
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| R()
v,

=

3 o

V.
Controller ‘—947

(b)
Fig.4.3: Closed-loop output voltage control configuration using the linearisation
scheme (a) full structure and (b) reduced equivalent model for single unit [9]

A linearised scheme for the closed-loop output voltage control of a phase shifted full-
bridge DC/DC converter is shown in Fig.4.3 (a), where L; and C; are the output
inductance and capacitance relatively, I denotes the inductance current, R,
represents the load, |, is the output current, V, is the output voltage, and v,* is the
output voltage reference, v is the rectifier output average voltage, the control input
signal v is equal to the steady-state voltage before the rectifier, and o is the phase
shift angle for the converter phase shift PWM control [9]. The large-signal linear
model is proven to be sufficient to represent the complete converter. Therefore, the
reduced equivalent linearisation model which reduces a single full-bridge converter
to an equivalent output filter model shown as Fig.4.3 (b) is used here to simplify the

control design process.
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Fig.4.4: Reduced equivalent model for IPOS connected two-module system

The equivalent large-signal model for the IPOS connected 2-module system is shown
in Fig.4.4, where the power stage of the proposed converter can be represented by the
state equations (4.14) and (4.15) from the equivalent model. The control variable v,

is expressed in a second order transfer function of the output voltage as (4.16).

dl,, 1 2 1.2 1
== (Lv. -V )=—(Lv -2V

it L (ﬂ e —Vor) » (ﬂ e o) (4.14)

dv, 1dv, 1 1 V

2t =% = (] - Y=—A(],. ——

at 2 dt Cf(|f o) Cf(lf Ro) (4.15)
.2,V 2v V
Vo=—(-==+—---2) (4.16)

C, 2L, L, R,
From (4.17) and (4.18), it can be noted that the relative degree of the output voltage
is two, due to the fact that this is the smallest number of differentiations of the
variable with regards to time, so that the control input appears explicitly [11]. Hence,
the desired closed-loop output voltage dynamics need to be controlled by a second
order control law.

o v,

Wc( it )=0 (4.17)
o ,d¥V
o dt;);to (4.18)

The control-to-output transfer function is therefore approximated by (4.19) for the
IPOS converter in Fig.4.4.
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Vo) _pu2Ve(®) 4 1

Goc ~ = 2
v, (s) 7V,.(s) mLC;s"+1

(4.19)

The discussion regarding output voltage control that uses the Lyapunov stability law

to ensure asymptotic stability of the system is presented in the following section.

B. Lyapunov Controller Design and Stability Criteria Analysis

Lyapunov stability theory has been a powerful tool in the stability analysis of
nonlinear systems since its introduction in 1982 [12]. The objective is to use a
control-Lyapunov candidate in the feedback loop, and to ensure that the derivative of
positive definite Lyapunov function v(x) is negative when choosing the control,
which if satisfied means that for each state x, a control input u exists that will reduce

v(x). For example, considering a nonlinear system as (4.20)

%= f,(X) (4.20)

where x is a n-dimensional state vector which belongs to the Euclidean space R". The
system is specified by the vector field function fo: D— R" which is continuous and
has continuous first-order partial derivatives with respect to x on a domain DR,
into R, [13]. Choose x=0 is the equilibrium point for (4.20), function v(x) and its
derivative can be obtained as (4.21) and (4.22) respectively.

v(0) =0 and v(D) >0 in D—{0} (4.21)

V(x) = grad (v(x)) - f,(x) in D (4.22)

The stability of the system feedback can be tested by control-Lyapunov function, that
is, a scalar smooth positive definite and radially unbounded function v(x) for control
system X= f(X,U) there exists u(x) such that ? f(x,u(x)) <0 vx=0 [14].
Hence, Lyapunov function is stable, if

v(x) =grad(v(x))- f,(x)<0 inD (4.23)
Note that it should be negative definite for asymptotic stability.

For output voltage control, the objective is to minimise the output voltage error

signal shown in (4.24).

79



e=v -V, (4.24)

A function r =é+ae is defined, where « is an arbitrary real constant, and a control-
Lyapunov candidate v(x) is then as (4.25), which is positive definite for all v,*#0 and
Vo #0.

V=—r 4.25
> (4.25)

Taking the derivative of (4.25) with respect to time, which should be negative

according to Lyapunov stability law, gives (4.26).
v=ri=(é+ae)E+aé)<0 (4.26)

A negative derivative is defined as v=-kv , where k is strictly a positive
proportionality constant, thus, the derivative is negative definite for all system
dynamics and the closed-loop system will be globally stable. Substituting this result
into (4.25) and (4.26) yields (4.27).

V-V, +ae’=—%k(e’+ae) (4.27)

Substituting for dynamic V, from (4.16) into (4.27)gives (4.28).

(\-/.*+ \A . 4v, 4 2\/0 +ae‘)——£k(é+a6) 4.28
° Lfo 7Z'Lfo CfRo 2 ( )

Solving (4.28) for v, yields the control law as (4.29).

v —Lfo”(\'i*+ Vo, X, +ae‘+5r) 4.29
“=7 4 “°"Lc, CR 2 (4.29)

f''

Assuming Vv to be constant, é =-V, and ¢ = -V, substituting (4.16) to (4.29) yields
(4.30).

_akCi L7
8

C,Lir k 2 ;T
—+a— V, +—V,
i Graa g (4.30)

0

\ (V; _Vo) -

Notice that the first and second terms of (4.30) represent a PD controller which is
sufficient to ensure stability of the overall output voltage, where ‘e’ will decay to 0
as the system output voltage V, converges to its reference desired set point. The term
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nVo/4 represents a feed-forward term to speed start-up and to help stabilise the

controller. Therefore, (4.30) can be rewritten as (4.31),

v, = kpe+kde+%vo (4.31)

where K, is the proportion gain and Ky is the derivative gain.

T
= 4
v,
k,+k,s —%—
v(J

Fig.4.5: Lyapunov based PD output voltage controller
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(b)
Fig.4.6: Closed-loop Lyapunov based controller (a) full structure (b) reduced

equivalent control, omitting the feed-forward term

The reduced equivalent model of the closed-loop output voltage control realised by
PD controller is shown in Fig.4.5. The control-to-output transfer function for the
IPOS converter is given by (4.19), so the closed-loop system with a PD controller can

be re-represented as Fig.4.6, where Fig.4.6 (a) illustrates the full structure of the
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closed loop system and Fig.4.6 (b) shows the reduced equivalent control which

excludes the feed-forward term.

However, the validity of the controller is established by its stability and robustness to
parameter variations and transients. Hence, design of the controller experiences a set
of design restrictions in terms of closed-loop stability and possible instability resulting

from discretisation, which are presented in the following sub-sections.

e Closed-Loop Stability
From Fig.4.6 (b), the system open-loop, closed-loop and characteristic equations can
be derived as (4.32)-(4.34) respectively.

4k +k.s
G =——_—p d°
° 7 L.C,s? (432)
Ho— 4k, +4k,s
® 7 L,C xs® +4k, +4K,s (433)
4k 4k
S +—2-s+—FL =0
L,C,z L.Cx (434)
Equation (4.34) can be written in the general form (4.35),
s’ +kya,s+ka =0 (4.35)

where a, = , and the coefficients of the polynomial are shown in Table 4.1.

L, Cim

Table 4.1: Polynomial table

Term | Coefficient
§? 1
st kgay
s? koay

The Routh-Hurwitz stability criterion [15] clarifies that the system represented by the
characteristic equation shown in (4.34) is stable if all its coefficients of the
characteristic equation are positive. Therefore, with regard to closed-loop stability,
the system is stable if proportional and derivative gains k, and kq are both positive as
in (4.36).
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kp >0, k, >0 (4.36)

e Discrete Time Domain Stability

This continuous time DC/DC converter is controlled using a digital signal processing
that operates in a discrete time environment. In the preceding discussion on closed-
loop stability, the robustness criteria obtained are based on a continuous time system.
Considering the practical implementation in DSP, system stability in the discrete
time domain also limits the system criteria. Since it is impossible to obtain the exact
discrete time modelling of the system, the Euler method [16] is employed to provide
an approximate discrete model for the controller design. Three methods that can be
used to obtain the discrete time approximation of a continuous time transfer

funcation are the forward difference where Laplace operator s can be substituted by

s — Z?_l , the backward difference method with s — ZT—_l and Tustin’s
z
approximation withs — TEZ—_i [17]. However, only Tustin’s method guarantees that
Z+

stable controllers in the continuous mode are approximated by stable discrete
controllers, and that unstable continuous controllers map to unstable discrete
controllers. Thus, Tustin’s approximation is applied and the resulting pulse transfer

function of the system characteristic equation is given by (4.37),
D(z) =a, +a,z +a,z° (4.37)

T BT, BT

, -8, and
L,.Cr LCrx L,Cim

where T is the sampling time, a,=

8k,T  4kT?
+ + .
L,Cr LCix

2
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Table 4.2: Jury test

Rule Conditions Results
If z equals 1, the system output must be
16k T?
! positive - D(1) =—2 Ky >0
L.Cm
5 If z equals -1, the system output must hold D(-1)=1650
- (-1)*D(-1)>0 -1)=
The absolute value of the constant term ag
must be less than the highest coefficient a, Koo biCim
3 4&T* kT KT 4kT? T
— |t C KT gy BT k, >0
L,Cir LCix L,Cir LCirx
The Jury array must satisfies the following The Jury array is
4 —>|b | S |b1| constructed as
0 Table 4.3

The system must pass all of the Jury test shown in Table 4.2, which is an algebraic
test, similar in form to Routh-Hurwitz approach, determining whether the roots of a
polynomial lie within the unit circle [18] and that the system is therefore considered

stable. Coefficients by and by are formed in Jury array as shown in Table 4.3,

Table 4.3: Jury array

Row 2° z* ra
1 Ao ap az
2 a ay do
3 bo by 0
4 by bo 0
5 Co 0 0

where b, :‘aoz —azz‘,bl =|aya, —a,a,|,¢, =‘b02 —blz‘and the 4" rule in Jury test leads

to |by| >|by| —>‘a02 —azz‘ >|aya, —a,a,|. It is clear that a,>0, ap-a,<0 and ap+a,>0, thus

the system meets these inequality conditions without any new condition being
imposed upon k, and k;. Furthermore, the stability of this discrete time system can be
analysed by the coefficients of its characteristic polynomial using Jury stability

criterion shown in Table 4.4, which is the discrete time analogue of the Routh-
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Hurwitz stability criterion. In this stability criterion, the system is considered to be
stable if the coefficients of the odd-numbered rows of the first column are positive
[18].

Table 4.4: Characteristic polynomial for Jury stability criterion

Row v 7 7°
1 ar ai do
2 do a; ap

a, a,
a —a, 2 _a
3 , a, a—aq a, 0
a, ay
—_ —_ a — —_
4 a—aq a, » — 8 a, 0
@-a °)
5 a, —aoﬁ— : 0 0
a‘2 a —a &
2 0
a2

The Jury stability criterion leads to (4.38)-(4.40).
8k,T 4k T?

a>0=>4+ >0 4.38
? LC,z LC,x (4.38)
a, 16k T

az—aoa—2:>a2>ao:>LfC"fﬂ>0 (4.39)

a

2 (al—aiai)z
az—aoa———23a2+a0>a1:>8>—8 (4.40)

2 az_aoi

aZ

The stability condition for the discrete time domain concern can be obtained as
(4.41), which is equivalent to the closed-loop stability criterion in the continuous

time domain.

k, >0, ky >0 (4.41)
Thus, synthesising the stability criteria, k, and ky should be positive to satisfy the
requirements to make the closed-loop stable. By designing the damping ratio and

natural frequency from the system characteristic equation, the required closed-loop
performance can be achieved. Given the design requirements of 10 % overshoot and
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4 ms settling time, the proportional and derivative gains k, and kq are defined as (4.43)
and (4.44) based on the parameters from the test rig. Substituing these gain values
into (4.32) and (4.33), the system root locus plot and closed-loop step response

respectively can be derived, as shown in Fig.4.7.

K, 4k
c=— =059, o, = P =1692 (4.42)
JK, L Ci7 LCi7
’L.C
K = W ~2.158 (4.43)

ky = /s, L,C, 7 =0.00151 (4.44)

Root Locus Step Response
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Fig.4.7: (a) Root locus performance and (b) step response for system with output

voltage controller

C. Sliding Mode Controller Design and Stability Criteria Analysis

Sliding mode control, developed in the early 1950s and, by its wide utilisation in
various industrial applications and research studies [19-22], has been proven to be
able to provide superb system performance, including tracking system structured
uncertainties (or parametric uncertainties), unstructured uncertainties (or unmodeled
dynamics), and rejecting external disturbances. In addition, sliding mode control is
relatively simple to implement as a result of the high degree of flexibility in its
design choices. Several different kinds of sliding mode controller for single module
DC/DC converters have been proposed [20, 21, 23-26]. In this study, output voltage
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control is achieved using a sliding-mode controller based on the large-signal system

shown in Fig.4.4.

This discontinuous controller switches at high-speed between two distinctively
different structures to drive the system trajectory on the specified surface and
maintain it on the surface upon interception. The surface is called sliding surface S(x).
With an appropriate choice of sliding surface, the controller is able to maintain the
required system robustness against disturbances and become totally insensitive to a
particular class of uncertainties [10, 27]. However, it is based on the assumption that
control signal can be switched between the two values infinitely fast. One practical
limitation, therefore, is the existing of ‘chattering’, as it is impossible to achieve
infinitely fast switching control due to finite time delays associate with the control
computation and limitations of physical switches. The resulting high-frequency
oscillation near the desired equilibrium point is highly undesirable.

A S

Sliding surface

I'4
\ Desired final value 5
4 »S(1)

;4_ Reaching mode
’

cafa="

Fig.4.8: Graphical interpretation of sliding mode control

The concept of sliding mode control shown in Fig.4.8 is to force state variable (in
this case is the output voltage error) to approach the sliding surface and to move
along it until reaching the desired final value. There are two conditions, which if
satisfied guarantee the system will converge. Firstly, existence of sliding surface,
which requires that a sliding surface must be created that system is able to be
directed towards it. From Utki theory, it is known that sliding mode will exist if the
inequality in (4.45) is satisfied.

S(x)S(x) <0 (4.45)
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Secondly, the reachability condition consists of two aspects: hitting and stability
condition. Once (4.46) is achieved, the capability of the system to hit the sliding
surface is ensured. The stability condition requires that the system moves along
surface S(x), until a stable point is reached. The system trajectory can be described

by differential equation in (4.47).
S(x)=0 (4.46)
S(x)=0 (4.47)
The proposed sliding mode control generates the phase shift angle for PWM control
using a state feedback scheme. A new variable is defined by DC input voltage and
transformer turn ratio as shown in (4.48). A state space matrix of the error between

the output voltage and the output votlage reference (4.49) is also defined. The control

objective is to reduce this error to zero. The system state vector is shown in (4.50).

Vv, =V, /K (4.48)

e=v, -V, (4.49)
v, -V, I VAEYA 1| v, =V, _

U o N IRV BN VA0 B VA TN VAR [
N dt C, RC, L.C, R,C,
ledt I J.xldt 1| ledt |

State space equation of (4.50) can be rewritten as (4.51),

X=Ax+Bu+C (4.51)
where
0 1 0 0 0
2V —2V. 2V
A=10 ¢ B=1Tc | “7|lrec (4.52)
f f f f o~ f
1 0 0 ’ 0 0

The sliding surface with proportional, integral and derivative of error is defined as
(4.53) and the derivative of the sliding surface can be obtained as (4.54) [22, 28, 29].
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S =ke(t) +k, % + ks [ e(t)dt =k +kyx, +kexg = I (4.53)
S(x) = k(t) + k&(t) +k,e(t) = JAX+ JBu +JC (4.54)

where ki, ko and ks are sticky positive constants which determine the trajectory of
state variables, J :[k1 K, k3], u=1 when S>0 and u=0 when S<0. Equation (4.54)

highlights the dependence of the sliding surface existence condition on input voltage,
filter capacitance, inductance, resistance and output voltage. A previous study [22]
explains the need for fixed-frequency sliding mode control. Therefore, a PWM based
sliding mode controller is employed instead of a hysteresis modulation based sliding
mode controller. Control signal deq can be derived by solving (4.54) when set equal
to 0.

_ L.C.k V. L,C/k V
d, =—[JB] J[Ax+C]=—"=2 Yo , —t=th 0
« =~ [3B] "I [Ax+C] 2k,v, +(vi " 2k,v, )X2+viRo (4.55)
Substituting (4.49) and (4.50), (4.55) can be rewritten as (4.56),
A
de, =k,e+k,e+ - (4.56)

where the k;, is the proportion gain and Ky is the derivative gain.

Given the sliding surface, the sliding mode output voltage controller for IPOS
connected 2-module DC/DC converter is shown in Fig.4.9. The conditions that must
be satisfied by the controller include the sliding mode existence condition,
reachability and stability conditions. It can be seen from Fig.4.9 that the control
signal of the sliding mode controller can be represented as a PD controller, in the
same way as with the Lyapunov controller. Considering the unavoidable and
undesirable chattering issue associated with sliding mode control, the Lyapunov
topology is the non-linear controller adopted in this study.
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Fig.4.9: Sliding mode control based PD output voltage controller
D. Comparison between Lyapunov and Pl Controllers

The closed-loop output voltage controller obtained using the Lyapunov approach is
shown in Fig.4.6 (b). In contrast, the linear PI output voltage closed-loop controller
shown in Fig.4.10, based on the small-signal model transfer function (4.10), is

introduced to enable the comparison.

0 + » A + 1 — G‘”‘d »

Fig.4.10: Conventional PI closed-loop controller

The robustness of the Lyapunov based controller to circuit parameter variations and
its superior performance are shown by comparing the system bandwidth of the two
controllers. Fig.4.11 (a) shows that the system bandwidth achieved using PI1 control is
620 Hz, whilst that achieved using Lyapunov control is 1.83 kHz. Fig.4.11 (b) shows
the closed-loop output impedance performance of a Pl controller superimposed on
that of the Lyapunov counterpart. Observe that the proposed Lyapunov controller

exhibits much better attenuation and disturbance rejection than the P1 controller.
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Fig.4.11: Comparison of Pl and Lyapunov controllers (a) closed-loop bandwidth and

(b) closed-loop output impedance
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Fig.4.12: Output voltage and current response to a step load decrease (a) Pl controller

and (b) Lyapunov controller

From Fig.4.12 , it can been seen that the output voltage and current recover from the
load change transient (realised by increasing load resistance from 80 Q to 100 Q) is
less than 5 ms for the Lyapunov controller compared to nearly 15 ms for the PI
controller. According to the comparison, Lyapunov control, which features the faster
dynamic response at start-up and higher disturbance rejection capability, is applied to
track the output voltage reference. The output voltage sharing controller that ensures
the power sharing between modules with parameter mismatched is described in the

following section.
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4.4.2 Power Sharing Control

[ vodale T

PWM —) Drive

denal

Wodule 2

PWM —) Drive

eng

H i
PWM Drive

signal

Module n

PWM [P Drive

signal

I*:Lyapunov load voltage  2"d:Modular output  3r¢:Inner current
control voltage control control

Fig.4.13: Overall control scheme

It has been stated that the Lyapunov-based voltage controller is used to establish a
structure for the load voltage controller that ensures global system stability, and has
resulted in a PD controller. Here, the Lyapunov controller serves as an outer control
loop to produce the current reference required by the inner current control loop. The
process of designing the control function is the same as in the previous section. For
power sharing control, the OVS controller balances the slave module output voltages
and compensates for any disturbance by minimising the differences between the
slave output voltages and the voltage reference signal to generate the inductor current
contributions Aiy, Aip, Aiz and Aip.1 through the PI controller. In this case, each slave
module output voltage controller tracks the set-point, Vo1 = Vo2 = Vo) = Vo/n, with

zero steady-state error. The sum of the current references Ai (i=1, 2,..., n-1)

produced by all of the slave modules is subtracted from the current reference for the
master module (the n™ module in Fig.4.1), and Ai is added to the current reference of
each slave module. During steady-state operation, the integral term in the modular
output voltage controller contributes the majority of the current demand to the inner
current loop, however, it should be noted that the PD controller plays the most crucial
role during start-up and other major transient events, especially module failure events.

A third current control loop is added to increase the control freedom in order to
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improve performance, and is designed according to (4.12) for each module. The

resulting control structure is shown in Fig.4.13.

In order to assess the effectiveness of the proposed control scheme, a system
consisting of 10 modules connected in an IPOS topology with rated output power of
10 MW is simulated and the results are given in the following section.

4.4.3 Simulation Validations of Normal Operation

Table 4.5: List of parameters for IPOS connected 10-module DC/DC converter

Simulation Simulation
Parameter Parameter
Values Values
Converter Rated 5 MW T,=1:1.78
Power T,=1:1.74
Number of 10 T3=1:1.7
Modules T4=1:1.78
Transformer Ts=1:1.74
Input DC Voltage SkV Turns-Ratio Te=1:1.7
T,=1:1.78
Output DC Voltage 50 kV T; -1-1.74
PWM Carrier To=1:1.7
Frequency 2.5kHz T10=1:1.78
L, =50 mH C, =80 puF
L, =60 mH C, =90 uF
Ls =50 mH C3 =80 uF
Ls =60 mH C4 =90 uF
Output Ls =50 mH Output Cs =80 uF
Inductance Le =60 mH Capacitance Cs =90 uF
L; =50 mH C7; =80 uF
Ls =60 mH Cs =90 uF
Lo =50 mH Cy =80 puF
L1o=60 mH C10=90 MF

The converter acts as a step-up DC transformer with 5 kV/50 kV voltage ratio. Other
parameters are listed in Table 4.5, where different parameters mismatches are
considered to test the effectiveness of the power balancing function. In this
illustration, the converter is initially commanded to regulate its output terminal
voltage at 48 kV across a resistive load of 500 Q. At time t=0.1 s, output voltage is
increased to the 50 kV and is then reduced to 48 kV at time t=0.2 s. Selected

waveforms are presented in Fig.4.14.
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Fig.4.14: Dynamic response of the converter to a step change in DC output voltage (a)
pre-filter input current per module (b) voltage waveform presented to the primary
windings of the high-frequency transformer (c) current waveform in the primary

windings of the high-frequency transformer (d) switch voltage and current waveforms

(e) output dc current (f) output voltages of individual modules
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Fig.4.14 (a), (b) and (c) show several cycles of discontinuous input current for a
single module, the voltage waveform across the primary winding of the transformer,
and current in the transformer primary winding respectively. Fig.4.14 (d) shows
current in the switching device and its corresponding voltage normalised by a factor
of 10. It can be observed from these waveforms that the full-bridge devices operate
using soft switching, thus, low switching losses are expected. Fig.4.14 (e) and (f)
show DC output current and modular output voltages as the output voltage reference

changes as stated previously.
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Fig.4.15: Waveforms demonstrating the switch voltage and current waveforms

=
5

Switch voltage & current- (0.01kV & A-)
Switch voltage & current (0.01kV & A)

Waveforms in Fig.4.15 illusrate the soft-switching of the module active front full-
bridge, where Fig.4.15 (a) shows the ZVS turn-on without switching on losses and
Fig.4.15 (b) shows the ZVS turn-off without switching off losses. Additional results
in Fig.4.16 demonstrate the converter ability to perform controlled recharge of
medium-voltage DC network by ramping the output voltage gradually from 0 to 50
kV within 50 ms, and selected waveforms obtained are presented in Fig.4.16 (a) to
(d). Fig.4.16 (a) and (b) show the gradual output current and voltage. Fig.4.16 (c)
shows the modular output voltage sharing performance under ramping condition and

(d) gives the transient performance.
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Fig.4.14 shows that the proposed control strategy for the IPOS connected modular
DC/DC converter, which has a dedicated voltage balancing loop and a current loop
for each module, exhibits superior performance in terms of dynamic response,
requiring only a few milliseconds to follow the voltage variation, and power sharing
between modules with mismatches in parameter values. These results in Fig.4.16
show that the converter has the ability to recharge a DC network, with total output
voltage being evenly shared between modules. In addition, these results illustrate the
possibilities of this family of DC/DC converters in medium-voltage high-power

applications.
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To be capable of achieving true (n+1) redundancy, a novel ‘non-dedicated master’
control scheme is constructed to guarantee the reliability of the converter in the event
of a fault in the master module, and is presented in the next section.

4.5 Novel ‘Non-Dedicated Master’ Control Scheme with

True (n+1) Redundancy

The multi-module DC/DC converter has internal fault management capability similar
to that of an M2C converter, in that faulty modules may be bypassed in order to
allow continued system operation without any performance degradation [30]. Such a
feature is normally achievable by incorporating redundant modules to allow re-
configuration of the power circuit and bypassing of the faulty modules. The
modularity feature allows (n+k) redundancy, where n is the number of modules
required to ensure that each module operates within its voltage rating, and k is the
number of redundant modules that can be used to replace k faulty modules and
maintain uninterrupted operation. In the following section, (n+1) redundancy is

chosen to address the control scheme.

4.5.1 Fault Tolerant Control

The modular structure facilitates identification of fault location and bypassing of the
faulty modules. To illustrate its fault-tolerance operation, a 4-module DC/DC
converter with the toplogogy shown in Fig.4.1 redundancy level k=1 is introduced.
The failure of a single or multiple modules can be detected by monitoring module
output voltages and currents and comparing them with predefined limits, such as
[0.2V,<V,i<0.3V,] in this case, for i=1 to 4. The faulty modules are isolated by
blocking their front-end H-bridge converters, and their corresponding output diode
bridges are bypassed using a combination of bypass switches and bleed resistors to

dissipate the energy E. , shown in (4.57), stored in their DC side filter capacitors.

E - %cu2 (4.57)
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Fig.4.17: Flow chart for (a) voltage reference generation function (b) current demand

correction function

Flow charts defining the voltage reference generation and current demand correction
functions are shown in Fig.4.17. The modular structure facilitates location of the
faulty module. Any module can be operated in either an active state or a blocked
state. A current demand correction function is activated to remove the bypassed
module’s contribution to the master module. Morecover, each module can be
equipped with an over-current protection function at its input so that, if module input
current exceeds a predefined threshold for a predefined duration, a trip signal is

generated to block the front-end converter and bypass its output as previously stated.

When any slave module fails, it will be identified and bypassed, whilst the system
remains operational. In this case, the reference voltage to the slave modules must be
changed. For an example, when k out of n modules have failed, the reference voltage
for all slave modules must be changed from V, /n to V, /(n-k). The commonly used
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master-slave scheme, however, has problems associated with ensuring fault ride-
through operation in the event of a fault in the master module, which is a consequence
of its ‘fixed master’ characteristic. The operation of the slaves is, however, dependent
upon the master module control signal, i.e. if the master module malfunctions the
overall system may fail [31]. To date, the widely-used master-slave scheme, where a
specific module is designated as ‘master’ under all conditions, has a decreased
reliability and modularity, and using such a control scheme for the modular DC/DC
converter being studied is less attractive from the system reliability point of view. To
solve the issue, this study proposes a novel control strategy for enabling power
sharing in the IPOS connected modular DC/DC converter, when there is mismatch
between module components, and fault ride-through in the event of a fault in the

master module.

4.5.2 ‘Non-dedicated Master’ Control Scheme

In order to avoid system collapse with a faulty master module, a ‘non-dedicated
master’ approach is proposed, which enables the role of ‘master’ to be reallocated to
another healthy module when the original master module fails. Because each module
has the ability to become a master if required, any module may malfunction without
affecting the operation of the whole system. The failure flow graph for a 4-module
converter is shown in Fig.4.18 and the detailed description of the control is given as

follows.

Module 1 Counter number :1 Status signal: 0
Module 2 Counter number :2 Status signal: 1

Module 3 Counter number :3 Status signal: 1

Module 4 Counter number :4 Status signal: 1

Fault Detection

YES

i i;ﬁwilhin
Voltage reference=Vo/4

I Reassign the master

Master =Counter

afety regiop

number 2

NO

Fault Protection

Isolate the faulty module | o
<4

Voltage reference=Vo/3

Fig.4.18: Flow chart for the ‘non-dedicated master’ control scheme
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For an n module converter, each module is assigned with a specific numerical
identifier between 1 and n, where n stands for number of modules. Meanwhile, the
control system assigns the status signal ‘0’ to a master module and ‘1’ to the
remaining modules, which are slaves. The fault detection and protection function will
be actived when the affected modules’ output voltages or currents are outside the
predefined limits. When ‘k’ slave modules fail the voltage reference for the
remaining healthy slave modules is updated to V, /(n-k). The master module will
remain the same. When a master module fails, one of the healthy slave modules will
be assigned to become a new master module and the voltage reference for the slave

modules must be updated. The faulty master module must be isolated immediately.

4.5.3 Simulation Validation for Master-Module Fault

In order to assess the proposed control scheme for the IPOS DC/DC converter, the
system shown in Fig.4.19, consisting of a generator connected to an uncontrolled
diode rectifier and an IPOS modular DC/DC converter with rated output power of 5
MW is simulated. Generator output voltage is 2500 V at 50 Hz, the medium-
frequency transformer operates at 5 kHz and has a turns-ratio of 2500:8250 V, and

the load voltage is maintained at 33 kV.

Module 1 e
T e fofe
G / = ‘[9’} if T
S, S, 1D,%D,
ZF ZIS # Module 2
nt ==L 3 -
Module 3
sSi==
Module 4
ﬁ:{: A T

Fig.4.19: High-power system used in fault study

Module 1 is initially chosen as the master module. To test the effectiveness of the
power balancing function when parameter mismatch is considered, the following

mismatches are assumed: +10 % in transformer turns-ratio of module 1 and +10 % in
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the output filter capacitor of module 2. To show enhanced system reliability when
the master’ module fails, a permanent short-circuit fault is applied at the output
terminals of the master module (module 1) at t=50 ms. Selected results obtained from

this case are summarised in Fig.4.20.
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Fig.4.20: Dyanmic response of the system to failure of the master master module (a)

load voltage (b) module output voltages

Fig.4.20 (a) shows the converter output voltage V, and Fig.4.20 (b) shows the
individual module output voltage (Vo1, Vo2, Vos and Vy4). Observe that in the pre-fault
condition the proposed control scheme is able to ensure equal output voltage sharing
amongst the modules, despite the presence of substantial parameters mismatches in
various modules. Following the fault at t=50 ms, the faulty module is isolated and the
output voltages of the remaining healthy modules have increased to compensate the
lost module (to keep the output voltage constant as in pre-fault). These results show
that the proposed control scheme manages failure of the master module, whilst
ensuring continuous operation and equal voltage sharing amongst the remaining

healthy modules.
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Fig.4.21: Allocation of ‘master’ and ‘slave’ roles

Following the fault, the ‘non-dedicated master’ control function reallocates the role
of ‘master’ to a healthy module, which in this case is module 2. This process is
illustrated in Fig.4.21 which shows the signals that define ‘master’ and ‘slave’ status
of the modules. The i module is defined as ‘master’ or ‘slave’ when dj=0 or di=1
respectively. It can be seen that, following the fault, Module 1 is deselected as

‘master’ module and Module 2 is selected as the new ‘master’.

The full-scale simulation of the 5 MW converter is used a means of substantiation at
typical voltage and current ratings expected in a DC collection network. In addtion,
ensuring power balance between the modules prevents exposure of single a module
to excessive voltage stress beyond its tolerable limits at the output stage and
excessive current stresses at the input stage. Additionally, a scaled-down experiment

set-up and experimental results are presented to corroborate the theoretical design.
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4.6 Experimental Set-Up and Validation

4.6.1 Experimental Set-Up

To validate the proposed control scheme, a prototype of 4-module IPOS connected
modular DC/DC converter shown in Fig.4.22 rated at 200 W per module was built.
The proposed control system was implemented using an Infinoeon Technology

Tricore TC1796 microcontroller.

Fig.4.22: IPOS connected modular DC/DC converter test rig

The application of the medium- or high-frequency transformer could lead to a
smaller size of the converter. However, the performance and the sizing are dependent
upon the material properties. It has been stated in Chapter 3 that a NANOPERM core

transformer is applied and the design detail is given as follows.

Table 4.6: List of parameters for transformer rating

Parameters Values
Primary voltage (Vpri) 40V
Secondary voltage (Vsec) 40V
Ideal Turn ratio (Nigear) 1
Transformer Efficiency (7,) 0.99
Output power (Pout) 200 W
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The maximum duty cycle Dyax is approximate 0.95. The required transformer turns-

ratio can be calculated as (4.58).

D,.. 0.95
n=—me— =22 _1:111
- A (4.58)

ideal

Assuming the number of primary turns is N, =40turns, the secondary turns are

obtained as shown in (4.59).
N, =nxN, =1.11x40=45turns (4.59)
The required area product (cm®) is calculated by (4.60),

_ P10*
kf.B,..K,J

S — max u

AP (4.60)

where k is 4 for square-wave profile, transformer switching frequency fs is 2.5 kHz,
Bmax=0.8%Bsa=0.8x1.2=0.96, the window utilisation factor K,=0.4, and current
density J is chosen as 460A/cm?. Hence, the required area produce is given by (4.61)
and a ‘Magnetec GmbH M-014-04" core is consequently selected with the
specifications defined by (4.62)-(4.64).

B kfsE:iiUJ " 4x 2.5x10230>? ;;24><0.4x460 =1.14350m" (4.61)
A, =0.44cm? (4.62)

W,=6.621cm? (4.63)

4 =3000at 10 kHz (4.64)

The filter can reduce the noise injected at the input side, picked up by the connection
wires and the control board, to increase quality of the output by reducing the voltage
and current ripples. The LC filter is therefore defined by voltage and current ripple
limits. The selection for the output capacitance value is determined by the allowable

output ripple voltage, which is 1 % of the output voltage (V,=20 V).
AV =0.01xV, =0.01x20=0.2V (4.65)

Specifying the output ripple current at 10 % of full load current (I,=4 A), the ripple

current will be as shown in (4.66). Estimating the time constant defined by the
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capacitor and its equivalent series resistance (Rgsg) t0 be ResrCou=50 ps (time
constant is typically in the range 50- 80 us for aluminium electrolytic capacitor), the

required equivalent series resistance for the capacitor is given by (4.67).

Al =0.1x1, =0.1x4=04A (4.66)
AV 0.2
BROOAL 0. (4.67)

Hence, the required output capacitance is obtained as (4.68). According to the current
ripple requirements, the required inductance can be obtained as (4.69). The main
parameters of the system are listed in Table 4.7.

50 1

501
C, = = £ >100uF
‘TR._ 05 H (4.68)
Vv, D 20x0.95
L, =—n_max _ > 4,75mH
"2AIf  2x0.4x5x10° (4.69)

Table 4.7: List of parameters for experimental system

Parameter Experimental Parameter Experimental
Values Values
Converter T, =114
Rated Power 200W Transformer T,=1:1.2
Turns-Ratio T3=1:1.3
Number of Modules 4 T,=1:1.2
Input DC Voltage 20V L, =6.8 mH
Output L, =5.0 mH
Output DC Voltage 80V Inductance L3=5.9 mH
L, =6.3 mH
PWM Carrier 5 kHz C, =160 pF
Frequency Output C, =160 pF
Capacitance C3 =200 pF
C4 =200 uF

Selected experimental results obtained from this prototype are summarised as

follows.

4.6.2 Experimental Validation of Normal Operation

To demonstrate the robustness of the power (output voltage) sharing that the
proposed control strategy can offer, Fig.4.23 (a) and (b) present individual module
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output voltages (Vo1, Vo2, Vos and Vo4) during start-up and steady-state operation of
the 4-module DC/DC converter being studied. Observe that the experimental output
voltages of all four modules of the DC/DC converter being test are tightly regulated
during start-up and steady state when the output voltage reference is ramped from 0
to 80 V within 10 ms. Fig.4.23 (c) shows the voltage waveforms across the coupling
transformer primary and secondary windings, and Fig.4.23 (d) shows samples of the
converter’s discontiuous input current. These results are achieved despite the

noticeable mismatch in transformer turns-ratios, module filter capacitances and

inductances.
+ *
V,
e { o1
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i‘r X V02 *{— Voz
- I
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- oy i e ik el
] oo T Voi .
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(a) (b)
+ +

R

: 1 U il memw

50 us/div, 20V/div 50 us/div, 2V/div
(c) (d)

Fig.4.23: Experimental results illustrating normal operation of the converter (a)

$

modular output voltage during start-up (b) steady-state modular output voltage (c)
voltage waveform presented to the primary and secondary windings of the high-
frequency transformer and (d) discontinuous input current in normal operation with

proposed control strategy
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4.6.3 Experimental Validation of Transient Operation

+ +
L Vol
Vo (40 V/div) _
V02
0, 1
_ N . IR P
W , j_ Vo3
I, (1 A/div) oSttt s b b
o 1 Vor
20 ms/div 20 ms/div, 20V/div
@ (b)
* +
T Vou

20 ms/div, 40V/div 20 ms/div, 20V/div
(©) (d)
Fig.4.24: Experimental results with proposed control strategy (a) output voltage and
current response and (b) modular output voltage as the load resistance is decreased (c)
output voltage and current response and (d) modular output voltage as the load

resistance is increased

Fig.4.24 (a), (b), (c) and (d) show selected experimental results obtained during a
load transient to illustrate the dynamic response of the IPOS connected modular
DC/DC converter when the proposed control scheme is employed. Fig.4.24 (a) and
(b) illustrate voltage performances when load resistance is decreased. Notice that
Fig.4.24 (a) shows the overall output voltage (V,) is regulated exactly at the desired
set-points before and after the change in the load resistance and output current (l,) is
increased as the load resistance is decreased. Observe that the output voltage and

current in Fig.4.24 (a) and the individual modules output voltages (Vo1, Vo2, Vo3 and
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Vo4) in Fig.4.24 (b) only exhibit minimum transients following the increase in load
(decrease of the load resistance from 40 Q to 32 Q2 ). The transient response to a step
increase in load resistance (increase of the load resistance from 32 Q to 40 Q) is
shown in Fig.4.24 (c) and (d), where output voltage and individual modules output
voltages (Vo1, Vo2, Vo3 and Vo4) are regulated at the desired reference value after a
short duration with minimal oscillation, the steady-state condition is recovered after
10 ms.

4.6.3 Experimental Validation of Fault-Tolerant Operation

To demonstrate the fault-tolerant capability of the proposed ‘non-dedicated master’
control scheme, a short-circuit fault is applied at the output terminals of master

module (module 4 in the experimental test rig).

-+ -

Vol

RS
h Vo2
)
r N Vo3 <
" "| ) Voa
— T +
100 ms/div, 20V/div 10 ms/div, 20V/div

(a) (b)

Fig.4.25: Experimental results illustrating fault-tolerant operation of the converter(a)
modular output voltage and (b) output voltage response during master-module fault

transient with proposed control strategy

During the pre-fault condition, the load voltage is equally shared amongst the
modules. Following detection of the fault, module 4 is isolated and its output voltage
falls to zero, as shown in Fig.4.25 (a). Meanwhile, the ‘non-dedicated master’ control
function reallocates the role of master to module 1 and the output voltages of the
remaining healthy modules are boosted to %), to compensate for the lost
contribution of the faulty module. Output voltage V, is therefore maintained at its
pre-fault value, after a short duration voltage dip, and is shared equally between the

healthy modules, see Fig.4.25 (b). These results show that the proposed control
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scheme is capable of managing a master module fault, whilst ensuring continuous

operation of and equal voltage sharing amongst the remaining healthy modules.

In comparison to the dedicated master-slave control strategy which responds
appropriately only to slave module faults, these experimental results with the
proposed ‘non-dedicated master’ control scheme show that it enables the converter
being investigated to ride through fault conditions by permitting arbitrary
reallocation of the role of ‘master’ to a healthy module. More importantly, this is
achieved without any compromise to power sharing between the modules. However,
to ensure the voltage and current stresses in each module, for constant load voltage,
remain within the permissible range for continuous operation, both control strategies
rely on the use of ‘k’ redundant modules to replace up to ‘k’ faulty modules from a

total of ‘n+k’ modules.

4.7 Summary

This chapter presents a robust control strategy suitable for MVVDC applications that
ensures equal power sharing between modules of the IPOS connected modular
DC/DC converter when modules have parameter mismatches and module failures.
Therefore, for medium-voltage application, modules will not be exposed to the risk
of damage from over-voltages during transients. The nonlinear controller has an
advantage over linear PI controller in terms of improved transient response and
robustness to parameter variations. With regard to (n+1) redundancy, the commonly-
used fixed ‘master-slave’ scheme has problems associated with ensuring (n+1)
redundancy in the event of a fault in the master module. The proposed control
scheme develops an enhanced controller based on the concept of the ‘non-dedicated
master’ that permits arbitrary reallocation of the role of ‘master’ to another healthy
module when the original master module fails. This allows fault-tolerant operation to
be achieved independent of fault location without any compromise to power sharing
between the modules. The viability of the control scheme has been confirmed
through simulation and experimentation, where the results show that the converter
system being studied exploits true (n+1) redundancy to maintain power balanced

amongst the remaining healthy modules during internal faults. The converter
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topology and control strategy can be readily extended to converters composed from

any number of modules.
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Chapter 5: ISIPOS Connected Modular
DC/DC Converter

This chapter presents a novel configuration of modular DC/DC converter that consists
of n phase shifted full-bridge modules, whose inputs are input-series-input-parallel
connected, whilst the outputs are series connected. Having introduced the proposed
power converter concept, power sharing issues in input-series-input-parallel output-
series (ISIPOS) connected modular DC/DC converter are examined. Following that,
the design of the control topology is given. In addition, the performance of the
proposed control scheme in terms of power sharing ability are compared with that of
the widely-used common duty-cycle control approach, and both simulation and
experimental results are presented to test the viability of the different control schemes.
Moreover, its fault-tolerant operation is highlighted, and performance regarding the
fault detection and redundancy of the proposed converter are validated through

application-level simulations and scaled-down experiments.
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5.1 ISIPOS Connection Background
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Fig.5.1: ISIPOS converter topology with full-bridge DC/DC modules

Fig.5.1 shows the structure of a 2n-module ISIPOS DC/DC converter with two
parallel arms (each has n modules) being series connected at the front end, where the
number of parallel and series connected modules can be extended to any number

according to the application requirements.

Input-series-input-parallel connection of the modules allows reduction of the current
and voltage stresses in the power devices, thereby enabling device ratings and
switching frequency to be further optimised compared with input-parallel connection.
With output-series connection, the turns-ratios of the isolation transformers can be
reduced, leading to a reduction in leakage inductance. Additionally, ISIPOS
connection presents a number of attractive properties: each module only contributes a
small fraction of the total power and operates at voltages and currents that can be
supported by current device rating; the modular structure allows the converter to be
re-configured and higher switching frequency can be achieved without significant
design challenges; and redundant cells in this modular configuration provide fault

ride-through operation [1-3].
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5.2 Power Sharing Issue with ISIPOS Connected Modular
DC/DC Converter
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Fig.5.2: ISIPOS connected 4-module system

Fig.5.2 shows an illustrative schematic diagram of the 4-module ISIPOS DC/DC
converter that forms the basis of the study, where n=2 in Fig.5.1. Assuming all four
modules in Fig.5.2 are lossless, the relationships between the input and output powers

of each module can be expressed as (5.1),

Vcdllinl :Vollo
Vcdllinz :Vozlo
Veazling =Voslo
Vcd2|in4 :Vo4|o

(5.1)

where V¢ is the DC input voltage for modules 1 and 2 due to the parallel connection;
Va2 1S similarly the DC input voltage for Modules 3 and 4, lin1, linz, ..., Zina are input
currents to modules 1 to 4, Vo1,Voy, ..., Vos are output voltages from modules 1 to 4; I,
lir2,. .., lia @re output inductance currents in modules 1 to 4, and |, is load current. In
the steady-state condition, the average filter capacitor current is zero, and therefore

output filter inductor currents are identical except for a small ripple component. If
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output voltage sharing (OVS) is achieved, then Vo1=Vo,=V,3=Vo4. Substituting this
result into (5.1) yields (5.2).

Vcdllinl :VcdllinZ :VchIin3 :VchIin4 (52)

Equation (5.2) implies that li;;=lin2 and lins=lins. In addition, due to the input series
connection, linn=lin3=lin2=lina=Y2lin, can be derived, which lead to V¢g1=V¢q. It should
be noted that input power balancing can be achieved as long as OVS is achieved
under steady-state conditions. Alternatively, if all modules share the same input
power, which means modules 1 and 2 (similarly for modules 3 and 4) share the same
input current and modules 1 and 3 share the same input voltage, OVS can be achieved.
However, input voltage sharing control is indispensable in managing disturbances in
input-series connection systems for transient conditions [3-7]. One effective way of
finding the relationship between the input and output power stages, and control
requirement of the proposed ISIPOS connected modular converter, is to investigate

the consequences of input and output side control strategies.
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Fig.5.3: ISIPOS DC/DC converter (a) output side control and (b) operating point

The schematic diagram of Fig.5.3 (a) illustrates application of an output side control
strategy to the proposed converter. OVS is achieved through output side control,
where the module behaves as a constant power sink seen from the input side, with
constant output current and equally shared output voltages. Thus, any increase of Vg1
leads to a decrease of ln;1, SO that system equilibrium operating point moves from A
to B, as shown in Fig.5.3 (b). At point B, I, is smaller than input current I;, so that
input filter capacitor current l.q; becomes positive, which further increases Vgs.

Therefore, the equilibrium point cannot be resumed as the increase in input voltage
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Vin1 leads to further increase of itself, eventually leading to a runaway condition
between Vcg1 and Veg2. This means that any input disturbance may result in an
inversely proportional current-voltage relationship. OVS cannot therefore provide

input power sharing for the input-series stage, as shown in Fig.5.3 (a) and (b).

Module 1 1

n lrflT V,
Module 2 | £y L V

Module 3 1\_3 I Vs
Module 4 | 1 Ly

(@) (b)

Fig.5.4: ISIPOS DC/DC converter (a) input side control and (b) operating point

Fig.5.4 (a) and (b) highlight the consequences of input side control. Modules behave
as constant power sources seen from the output side, with equally shared input
voltage and current. Thus, an increase in Vo; leads to a decrease in li; which drives
the system from the equilibrium operating point A to B, as shown in Fig.5.4 (b). Now,
lir1 is smaller than load current I, so that current I becomes negative, discharging
the capacitor and driving the operating point back to A. Input side control can

therefore lead to power balance in the converter.

To realise input side control, a dedicated input voltage control loop is essential for
stable operation of the input-series stage. For the input-parallel connection, however,
modules can be balanced either by input current balancing or by output voltage
balancing [3, 8]. Due to discontinuity of the input current, output voltage balancing
control is used for the parallel-connected modules to avoid the need for high-cost,
high-bandwidth current transducers. To build the proposed control strategy, small-

signal analysis is necessary and is described in the following section.
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5.3 Novel Control Strategy in Normal Operation

5.3.1 Small-Signal Modelling for ISIPOS Connected Four-module

Converter
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Fig.5.5: Small-signal equivalent circuit of the ISIPOS connected 4-module converter

The small-signal model of the 4-module ISIPOS connected DC/DC converter shown
in Fig.5.5 is built based upon a single module converter model [2], where ki, ko, k3
and k4 are transformer turns ratios, D is the effective duty cycle per module, and L,
L2, L3, Lis, Cr1, Cro, Cz @and Cy4 are filter inductances and capacitances for the four
modules. Input voltage perturbation is represented by Avj,, input voltage perturbation
components for modules 1 and 2, and for modules 3 and 4 are Avey and Aveg
respectively, input current perturbations for the four modules are Aiing, Alin2, Alinz and
Aling respectively, and filter inductor current and capacitor voltage perturbations are
represented by Ay, Aligo, Alirs, Alja, and AV, AVeo, AVez and AV respectively. Ads,
Ady, Ads and Ad, are the duty cycle perturbations, and Ady1, Adyz, Adys, Adys, Adiz, Adi,
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Adiz and Adi4 represent perturbations of the duty cycle due to the input voltage and

output current, as defined in (5.3),

32L D f
Ad —Ad r ¢ SA
k. R,
32L D f
Ad,=Ad,, =———F=Av,
v3 v4 kzv R
8L f,
Adij = kVin Am

where j=1, 2, 3 and 4 and L, is the transformer leakage inductance,.

(5.3)

To simplify the analysis, it is assumed that four modules have the same effective duty

cycles, transformer turns-ratios, and capacitor and inductor values [6]. The

corresponding equations, produced by application of KVL in Fig.5.5, are shown in

(5.4). The KCL equations for the output side, comprising the output impedance

perturbation AV,/AR, contributed as Ai,, are given by (5.5).

DAV, V,
K
DAv,, V,
K
D.Av,, V,
k
DAv,, V,
k

. . Av,
Al + Al = sCfAv01+R—°

(o]

Av,

02
0
Av,
03

Al 5+ Al =

0

. . Av
Ai¢, +Ai, =sCAv,, +R—0

0

+2_|1:(Ad1 +Ad,, +Ady ) = sLy Al +Av,
di +2_||2(Ad2 +Ad,, +Ad;, ) = sL A, + Av,,
+2_E(Ad3 +Ad g +Adyy) = SL Ay 5 + AV,

+2—1:(Ad4 +Ad,, +Ad,, ) =SsLAi,, +Av,,

(5.4)

(5.5)

Adding the four expressions defined in (5.4) and substituting (5.3) into the result with

the assumption that Avegs =Avega=Avin/2 yields (5.6).
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2D, 32L,D,f,, V.

Av, ( ot kgRe s)+i(Ad1 +Ad, +Ad; +Ad, ) =
4L f 0 (56)
(sL, +#)(Ai, (1 FAL ¢, + Al + Al ) AV,
Assuming Av;,=0 and Ad;=0, (5.6) leads to (5.7) (j=1, 2, 3 and 4).
4L, f.., .. . : : a
(SLf + T)(AII f1+AII f2 + AII f3 + AII f4)+AVo _0 (57)

Adding (5.5) yields (5.8).

. . . . . 4Av
Al +AI, + Al + Al +4A01,=SC, (AV,, + AV, + AV, + AV,,) +R—° (5.8)

0

Recognizing that Avy+AvVe+AVes3+AVes=AV,, and substituting (5.8) into (5.7), the

relationship between voltage output and current output is obtained as (5.9).

16L, f,
. A, 4L s+ %
AL 4L, 4L fC, 16L f (5.9)
° s°L,C, +5s( + > )+1+ P
R, k k*R,

Assuming Avi,=0 and Ady=0 (k=1, 2, 3 and 4, and k#j) and substituting (5.3) into (5.6),
the relationship between voltage output and duty cycle can be represented as (5.10),
and the relationship between output current and duty cycle can be represented as
(5.11).

G . = AVO _ Vin
A AL, 4L fC
Adj 2k[SZLfo+S( f+ rzs f)+1+16l_r fs] (510)
R, K k°R,

G - Al 3 V,
A AL fC.R £ 11
Adj ol [$?L,C R +4L s s g g 10L T (5.11)

f~f'% f k2 o k2

Equations (5.10) and (5.11) are used in designing individual module output voltage
and inner current controllers respectively. Considering the series pair of modules 1
and 3, (5.12) can be derived from Fig.5.5.
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DL(Aiin —sC,Av,,) = %(Adl +Ad,; +Ady )+ Ai g

e 0

(5.12)

DL(Aiin —sC,AV,,,) = i\é (Ad, +Ad,; +Adj; )+ Ai

e 0

Neglecting duty cycle perturbations due to input voltage and output current,
subtraction of the two equations in (5.12) leads to (5.13). Subtraction of the first and
third equations in (5.4) leads to (5.14), and from (5.5) the modular voltage and current
relationship can be obtained as (5.15).

k 2V, . .
D SCy (AVyy, —AVy,) = H(Ad1 _Ada)"' Al = Al (5.13)
e 0
De Vin 1 1
T (Avcdz - AVcdl) +E(Ad3 _Adl) = SLf (Ah 13— Al fl) + AV, — AV, (5.14)
AV, = 1 A, - AV, + AV, + AV, + AV,
sC; R,
AV, = 1 Ai,, - AV, +AV,, + AV, + AV,
sC; R,
1 Av,+Av,, +Av_, +Av (.15)
AV03 - A|| 3= ol 02 03 04
sC; R,
AV, = 1 Ai,, - AV, +AvV,, + AV, +Av,,
sC; R,

Rearranging (5.15), the relationship between modular voltage output and inductor

current can be represented as (5.16),
AVy = G, Ak — 0, (Ailfz + A5 + Al
(5.16)

AV, = G A, — Gy (Al gy + Al + Al

)
AV,, = 0, _gz(Ailfl+Ailf3 +Ai|f4)
AVys = Q1A 3 — 0, (Ailfl+Ailf2 +Ai|f4)

0, )

where
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sC,R, +3

D= C R +4sC,
(5.17)
9, = :
> s°C,°R, +4sC,
Substituting (5.17) into (5.14) yields (5.18).
D Vv
—(Av_,, —Av_ )+-—"(Ad, — Ad
k ( cd2 Cdl) 2k( 3 1) (5.18)
= (SLf +0,+ gz)(Ailm _Ailfl) +AV03 _Avol
Substituting (5.18) into (5.14) yields (5.19).
2V, Vv
—Z"in +q. +sL. ) — —in
AV, — AV, kR, (9,9, +s 2k
Ad _Ad D K (5.19)
1A% 2R asCd (g, 5L+,
This can be rewritten as (5.20),
AVyy, = AV, +A(S)(Ad; — Ad,) (5.20)
where
A(S) = — o (521)

D, +sCd [l;(gl +sL,+g,)

k

Assuming that Avi,=0 and Avcu=-Avep, the relationship between input capacitor

voltage and duty cycle is obtained as (5.22).

A(s)  A(s)
Av, | |2 2 |[Ad,
LVJ_ CAG) As) Ldj (5.22)
2 2

The transfer function described in (5.22) is used in designing the input voltage sharing
controller. If input current control is required, the relationship between input current

and duty cycle shown in (5.23) can be used,
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[B(s) B(s)]
Ai | |72 2 |[Ad,
Aiy, | | _B(s) B(s) | Ad,
L 2 2 | (5.23)
[B(s) B(s)]
Aig| |2 2 |[Ad,
{Aiinj_ _B(s) B(s) Ldj
2 2

where

2Vin
R +0;— g4)

0

B(s) = D.(

g, = ac—2bc
° (a+hb)(@a-3b)
B bc

(a-+b)(a—3b) (5.24)

sC,R,+3 4L T,

+

s’C,°R, +4sC,  k?
_ 1

s°C,’R, +4sC,

V,

c=-n
2k

9,

a=sL; +

5.3.2 Lyapunov Controller Design and Stability Criteria Analysis

It has been established in Chapter 4 that a Lyapunov controller is capable of robust
performance in response to load, input and other parameter variations. For an ISIPOS
connected modular DC/DC converter, it has been introduced to control the output
voltage. A novel linearised equivalent large-signal model of ISIPOS connected
modular DC/DC converter incorporating closed-loop output voltage control is
presented in Fig.5.6, which provides a linear representation of converter behavior
under large-signal variation for faster control response and better disturbance rejection

capability.
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Fig.5.6: Reduced equivalent model for the ISIPOS DC/DC 4-module system
From Fig.5.6, the transfer function for ISIPOS converter can be derived as (5.25),

_Vo(s) 8 1
* v/(s) #LC;s’+1

(5.25)

where T is the average value of the voltage at the input to the LC filter tank.

The objective is to control the ISIPOS DC/DC converter output voltage error as
defined in (5.26).

€ :Vo* _Vo (526)

A function r =é-+ae is defined, where a is an arbitrary real constant. A control-
Lyapunov candidate v(x) is then as in (5.27), which is positive definite for all V,*#0
and V,#0. Its derivative is given in (5.28), where k is strictly a positive proportionality
constant [9]. Substituting (5.28) into (5.27) yields (5.29).

V= % r (5.27)
V=(E+ae)E+ak)=—kv<0 (5.28)
@+a®=—%ﬁ@+a@ (5.29)

From Fig.5.6, (5.30) and (5.31) can be derived. Control variable v, can then be
explicitly included in the second order transfer function of the output voltage (5.32).
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dl;, 1,2 1 12
_ v~ V)= —(5v, -V, 5.30
dt L, (72' 4 ) L, (7T % (530

dv, 1dv, 1 1 V
Z o 2 (=] Y=—"oA) -2
. 1 8. V. W
Vo= (e Yo o (5.32)

°C, Lz L R

Assuming V' to be constant, ¢ = —V_and & = -V, . Substituting these results into (5.29)

gives (5.33). This, in turn, yields (5.34).

V= vy-Kv v (5.33)
2 2
akC,Lir  C,Lm k 4 Vi
vV, = e+ —+a- e+—V
“= " 16 g Qt¥ TR Y (5:34)

Notice that the first and second terms of (5.34) imply that a PD controller is sufficient
to ensure stability of the overall output voltage, where ‘e’ will decay to O as the
system output voltage V, converges to its desired reference set point. The nV,/8 feed-
forward term improves disturbance rejection and initial transient during start-up.
Therefore, (5.34) can be rewritten as (5.35).

v, =k e+ kdé+%V0 (5.35)

Using the same method as shown in the previous chapter, the Routh-Hurwitz stability
criterion demonstrates that if proportional and derivative gains k, and kq are both
positive, the system is stable.

5.3.3 Overall Control Strategy

It was discussed previously that in order to ensure safe, reliable and stable operation
in the presence of internal parameter mismatches and external transients, dedicated
power balancing control which provides power balance amongst all the modules is
indispensable for ISIPOS connecte a modular DC/DC converter control. This study
proposes a dedicated power sharing control scheme, which involves input voltage

sharing between input-series output-series connected modules to correct the
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differences between these modules, e.g. modules 1 and 3 in Fig.5.2, and output
voltage sharing to manage disturbances between input-parallel output-series
connected modules, e.g. modules 1 and 2 or modules 3 and 4 in Fig.5.2.

For input-series connected modules, input capacitor voltages V¢ and V.4, are
sensed. Input voltage sharing reference signals for the modules are generated using
distribution factors wuj1, and w2 which, in this case, define the proportions of
voltages Vg1 and Vegp, and weighting factors Wiy1, and Wiy, which are the multiplying
factors used in the calculation shown in Fig.5.7 (a). Average active sharing is used so
that uivi=ui2=1 and W;,= W,,,=1/2. The voltage reference for the modules is
therefore given by (5.36). Alternatively, a fixed voltage reference of V;,/2 could be
used. The main advantage of using the dynamic voltage reference in (5.36) rather
than a fixed voltage reference is that it minimizes the interaction amongst the different
control loops and results in better transient performance [10]. Average output voltage
sharing is implemented by correcting the voltage difference signals to generate

inductor current contributions Aij; for modules 1 and 2, and Aii,, for modules 3 and 4.

Vref = % (536)

Fig.5.7 (b) shows the output voltage sharing controller that ensures input power
sharing between the parallel-connected modules. After sensing the module output

voltages, the controller compensates for any disturbance in the converter by

minimising the differences between the individual module outputs and V. /2n, where

in this case n=2, to generate inductor current contributions Aigyi, Aoz, Aoz and Aigya.
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Fig.5.7: ISIPOS DC/DC converter (a) input voltage sharing controller (b) output

voltage sharing controller (c) overall control
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As shown in Fig.5.7 (c), the Lyapunov controller contributes the main current signal
Ai to all modules using the procedure described in the previous section to control the
output voltage. During normal operation, the majority of the reference currents to the
current controllers will be contributed from the individual Pl output voltage
controllers of Fig.5.7 (b), with a contribution from the PD output voltage controller of
Fig.5.7 (c), as each individual module output voltage controller tracks its set-point
with zero steady-state error, and a contribution from the PI input voltage sharing
control loop of Fig.5.7 (a) which has been limited. However, it should be noted that
the overall output voltage control loop that uses PD control plays the most crucial role
should some of the modules fail and during other major transient events. Referring to
Fig.5.7 (c), the current contributions produced by the three controllers shown in
Fig.5.7 are summed to provide the module current reference in (5.37). Individual
inner current control loops, which are capable of guaranteeing current performance,
are added to obtain the duty cycle contributions from current references Aiy, Alp, Aiz
and Ai4 generated in (5.37).

A, = Ai + Ai,, + Ay,
Ai, = Ai+Ai,,, + Ai,, £ 37
Ai; = Ai+Ai, + A, (6:37)

Ai, =Ai+Ai,, +Ai,,

The proposed control strategy is assessed by considering the impact of mismatches
between the modules, and transient operating conditions in ISIPOS connected
modular DC/DC converter. Both simulation and experimental results are presented in
the following section to examine and verify its performance in the context of

parameter mismatch and transience.

v
ref + Module 1
4»?_} G 4»?% G | PWM > e signal
v, 1, L 3| PWM |—p| Module2

Drive signal

> Module n-1

—» PWM Drive signal

PWM ) Module n

Drive signal

Fig.5.8: Common duty-cycle control
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To assess the performance improvement offered when the converter is regulated

using the proposed control scheme, results are compared with those obtained from

the widely used common duty-cycle control scheme [11, 12] shown in Fig.5.8.

5.3.4 Simulation Validation of Normal Operation

For simulation verification, the ISIPOS connected modular DC/DC converter, shown

in Fig.5.2, consists of 4-module with a nominal rating of 1 MW in total. To test the

power balancing ability of the proposed control strategy when coping with

uncertainties, some component parameters are purposely assumed to be different.

Parameter mismatches, including input capacitance, transformer turns-ratios, and

output inductances and capacitances, as specified in Table 5.1 are introduced.

Table 5.1: List of parameters for ISIPOS connected 4-module DC/DC converter

Parameter Experimental Parameter Experimental
Values Values
Converter T,=1.6.8
1 MW 1
Rated Power Transformer T,=1.6.4
Turns-Ratio T3=1:6
Number of Modules 4 T,=1:6.4
L; =50 mH
Input DC Voltage 2200 V 1
P g Output L, =60 mH
Inductance L3 =50 mH
Output DC Voltage 22.5 kv L, =60 mH
PWM Carrier 2 5 kHz C, =300 puF
Frequency Output C, =350 uF
Input Cg1 =50 uF Capacitance C3 =300 pF
Capacitance Ca2 =80 uF C4 =330 pF
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Fig.5.9: Dynamic responses of the ISIPOS converter to a step change in load voltage,

with mismatched parameters (a) common duty-cycle control (b) proposed control

130



Fig.5.9 (a) and (b) respectively show the voltage and current performance of the
ISIPOS converter under common duty-cycle control and under the proposed control

scheme.

Fig.5.9 (a-1) illustrates output voltage performances and Fig.5.9 (a-2) and (a-3)
illustrate the consequences of the control without dedicated input voltage sharing
control, indicating that with large input filter capacitor mismatch, as will be the case
with large electrolytic capacitors, significant differences in leakage currents may
cause serious divergence of voltages across input balancing capacitor [13]. The
maximum difference in modular input currents is between module 1 and module 3
and is approximately 12.5 % of the nominal current of module 1. Similarly, mismatch
in transformer turns-ratio, and output capacitance and inductance significantly
degrade the power sharing performance. Under common duty-cycle control, output
voltages of all modules exhibit significant voltage ripple, with a worst-case peak
voltage ripple of approximately 15 % of the average load voltage as shown in Fig.5.9
(a-4).

The simulation results from Fig.5.9 (a) show that the performance of common duty-
cycle control is significantly affected by the mismatches. In contrast, the proposed
power sharing control scheme is able to compensate the mismatch as shown in figure
Fig.5.9 (b), where input voltage, current and modular voltage outputs are overlaid.
These results show that the proposed power balancing control scheme is able to
compensate any negative influences resulting from system parameter mismatch and

transience.

In addition, a scaled-down experimental rig of ISIPOS connected modular DC/DC

converter with 4-modules given was built to validate the proposed control scheme.
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5.3.5 Experimental Validation of Normal Operation

The experimental prototype shown in Fig.5.10 with 4 full-bridge DC/DC modules as

illustrated in the Chapter 4, was applied to validate the proposed converter with

ISIPOS connection and control scheme. In this experiment, two input capacitances

are connected in series to form the two parallel arms and two Hall-effect voltage

Sensors measure input capacitor voltages.

Fig.5.10: ISIPOS connected full-bridge DC/DC converter test rig

The schematic diagram of this 200 W experimental system is shown in Fig.5.11. The

control system is implemented using same Infineon Tricore TC1796 DSP used

previously, and the modular input voltages, output voltages and inductor currents are

measured using Hall-effect sensors and fed into the DSP. The main parameters of

this experimental system are listed in Table 5.2.
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Fig.5.11: Schematic diagram of the proposed ISIPOS converter experimental system
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Table 5.2: List of parameters for experimental system

Parameter Experimental Parameter Experimental
Values Values
Converter T:=1:14
Rated Power 200w Transformer T,=1:1.2
Turns-Ratio T3=1:1.3
Number of Modules 4 T,=1:1.2
Input DC Voltage 40V L, =6.8 mH
Output L, =5.0 mH
Output DC Voltage 80V Inductance L3 =5.9 mH
L, =6.3mH
PWM Carrier C; =160 pF
Frequency 2.5 kHz Output C, =160 puF
Input Cy1 =45 uF Capacitance C3 =200 pF
Capacitance Ca2 =40 pF C4 =200 uF

Fig.5.12 shows the voltage performance of the ISIPOS converter under common
duty-cycle control and under the proposed control scheme. Fig.5.12 (a) and (c) show
modular output voltages Vo1, Vo2, Vo3 and Vs being regulated at the desired closed-
loop output voltage reference of 80 V under common duty-cycle control and the
proposed control strategy respectively. Fig.5.12 (c) shows that the proposed control
scheme ensures that output voltage is equally shared amongst the modules. Without
the dedicated power balancing controller, each module operates at a different voltage,
as shown in Fig.5.12 (a), thus leading to unbalanced power distribution amongst the
modules. As shown, despite the mismatches, OVS is achieved with the proposed
control scheme. Fig.5.12 (b) and (d) show input voltage sharing performance
between V41 and Vegp. Fig.5.12 (b) shows start-up of input capacitance voltages Vcq:
and V42 when same duty cycle is applied to the modules. It can be seen that there is a
difference between the two voltages. Fig.5.12 (d) shows the results of employing the
proposed control to balance input capacitance voltages. As shown, despite the

mismatches, 1VS is achieved with the proposed control scheme.
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Fig.5.12: Experimental results illustrating normal operation of the converter with
common duty-cycle control (a) modular output voltage (b) input capacitance voltages
and the performances with proposed control (c) modular output voltage (d) input

capacitance voltages

Fig.5.13 shows selected experimental results for dynamic operation of the ISIPOS
connected modular converter, with mismatches between the modules components.
The control action is not active at first and same duty cycle is applied to the modules
shown as in Fig.5.13 (a),. At t=150 ms, control action is activated to achieve IVS.
This shows the effectiveness of the proposed control on power sharing between the
modules. The steady-state input voltage distribution is given in Fig.5.13 (b), which

shown V41 = Vg2 With the input voltage control.
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Fig.5.13: Experimental results illustrating dynamic operation of the converter (a)
input capacitance voltages with control enabled at 150 ms (b) steady-state input
capacitance voltages with control (c) output voltage and current during start-up

transient (d) modular output voltages during start-up transient (e) output voltage and
current response during load change transient and (f) input voltage, and output

voltage and current response to a step input voltage increase
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Fig.5.13 (c) shows output voltage and current during start-up, where output voltage is
regulated to the designed steady-state value of 60 V after 10 ms. Fig.5.13 (d) shows
the modular output voltages during the start-up process, and illustrates that they
maintain balanced throughout, thereby proving the ability of the control scheme. The
transient response to a step increase in load resistance is shown in Fig.5.13 (e), where
output voltage is regulated at the desired reference value after a short duration
perturbation, and the current is decreased due to the increase in load resistance. Input
voltage, output voltage and output current performance in response to a step increase
in input voltage are presented in Fig.5.13 (f). The responses to the load and input
voltage transients are robust with minimal oscillation, and the steady-state condition is
recovered after 10 ms.

Application of the widely-used common duty-cycle control scheme to the proposed
converter is likely to lead to non-uniformly distributed power amongst the modules,
and would result in reduced reliability. In contrast, it can be observed that the
proposed control scheme successfully addresses the conditions of unbalanced
transformer turns-ratios, and mismatched capacitances and inductances amongst the
modules by balancing the input capacitor voltage and modular output voltages under
normal operation. Also, the experimental results for the proposed control scheme
show that it enables the converter being investigated to ride through transient
conditions, with well-controlled power balancing, and output voltage and current

characteristics that exhibit minimum over-shoots.

Power sharing control has been demonstrated to effectively balance power
distribution whilst dealing with dynamic operation using a 4-module simulation
system rated at 1 MW and a 4-module scaled-down laboratory test rig. More
importantly, reliability is an established metric for converter design, especially for

high-power medium-voltage converters.
5.4 Control Scheme under Faulted Operation

5.4.1 Fault Detection and Redundancy Control Scheme

One of the merits of using this modular architecture is the increased reliability it

provides due to the designed level of redundancy. Additional modules than are
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required to provide the load power and voltage may be introduced to manage events
where modules fail. Each module will therefore operate at power level lower than its
rating under normal operation. When a fault occurs, the modularity feature allows the
converter to isolate the faulty module and be re-configured using the remaining
healthy modules to supply the load using a pre-designed control strategy. However,
there is often a trade-off between the extra cost caused by the redundant modules and
the impact of the failure [14].

T 1ol Modulel [~
R Module 2 [©
T3 Module 3 [
?{1 Module 4 [
] Module5 [

L]

T =41 Module 6 [=
P41 Module 7 [
T 11 Module 8 [—
?31 Module 9 [©

] Module 10 [—___

Fig.5.14: ISIPOS connected 10-module system

Provision of redundancy can be illustrated by the converter in Fig.5.1 with 10-
modules and the faulty module is module 5. Fault detection can be realised by
monitoring the modular output voltage. In this case as shown in Fig.5.14, if the output
voltage falls outside a predefined range, e.g. Vo/10.5<V<V,/9.5, the protection
mechanism is activated. The faulty module is isolated by blocking its front-end pulse
width modulated H-bridge converter and bypassing its output diode bridge using a
combination of a bypass switch and a bleed resistor to dissipate the energy stored in
the filter capacitor. Following that, there are two ways of obtaining fault-tolerant
operation for this 10-module system. The first method is to isolate module 5, maintain
input capacitor voltage balance, and increase the output voltages of the remaining
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healthy modules (modules 1, 2, 3, and 4) in the upper parallel-connected arm to
compensate the lost module 5 by changing the modular output voltage references
from V, /10 to V, /8. The references for the 5 modules in the lower parallel-connected
arm remain at V, /10. By doing this, the input currents to the modules in the upper
parallel arm are boosted to increase the input powers. In the second method, module 5
and one module in the lower arm, e.g. module 6, are isolated to keep the symmetrical
structure of the system. The outputs from all of the remaining healthy modules are

boosted to track the new reference V, /8.

From the stability point of view, the second method maintains the symmetrical
structure, which may simplify control action. However, it requires to isolate one
health module in the lower arm. Therefore, the first option is adopted in this study.
Simulation results are given in the next section to verify its performance during fault-

tolerant operation.

Table 5.3: List of parameters for ISIPOS connected 10-module DC/DC converter

Simulation Simulation
Parameter Parameter
Values Values
Converter Rated 5 MW T,=1:1.4
Power T,=1:1.45
Number of 10 T3=1:14
Modules T4=1:1.45
Transformer Tg=1:1.4
Input DC Voltage SkvV Turns-Ratio Te=1:1.45
Output DC Voltage 28 kV I; ;1135
PWM Carrier To=1:14
Frequency 2.5 kHz T10=1:1.45
Input Cq1 =5000 pF
Capacitance Cy2 =5500 puF C1 =400 pF
L; =50 mH C, =450 pF
L, =55 mH C3 =400 pF
Lz =50 mH C4 =450 pF
L4 =55 mH Output Cs =400 pF
Output Ls =50 mH Capacitance Ce =450 pF
Inductance Le =55 mH C7; =400 puF
L; =50 mH Cg =450 pF
Lg =55 mH Cy =400 pF
Lo =50 mH C10=450 pF
L1o=55 mH
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5.4.2 Simulation Validation of Fault-Tolerant Operation

The system parameters are listed in Table 5.3. Note that some parameters are chosen

to introduce mismatch between the modules.
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Fig.5.15: Simulation results illustraing fault-tolerant operation when a short circuit
fault is applied to the output of module 5 (a) output voltage (b) detail of output
voltage transient (c) input capacitance voltages (d) modular output voltages (e) output

current and (f) detail of output current transient
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Fig.5.15 presents selected simulation results illustrating fault-tolerant operation, with
mismatches between module parameters. The fault occurs to module 5 at t=75 ms. It
can be seen from Fig.5.15 (a) and (b) that converter output voltage V, recovers its
pre-fault value after a short time period. Following the fault, the faulty module 5 is
bypassed and its output becomes 0. Fig.5.15 (c) shows that the control loop can
ensure input capacitor voltage balance even under the fault condition. The output
voltages of the remaining modules in the upper arm are boosted to compensate and
the modules in the lower arm retain their pre-fault outputs, as shown in Fig.5.15 (d).
Fig.5.15 (e) and (f) show the output current disturbance caused by the fault, but the

recovery time is only a few milliseconds.

These simulation results show that, with parameter mismatches in the system, the
proposed control scheme provides fault-tolerant operation by isolating the faulty
module and using the selected modules to compensate. This fault-tolerant operation
demonstrates that the proposed converter offers high reliability, which is an

important factor in medium-voltage applications.

5.4.3 Experimental Validation of Fault-Tolerant Operation

In order to demonstrate the fault-tolerant ability of the ISIPOS connected modular
DC/DC converter, a fault is created in the 4-module DC/DC converter by applying a
short-circuit fault to the output of module 4. During the pre-fault period, the load
voltage is equally shared amongst the modules as shown in Fig.5.13. Following
detection of the fault, module 4 is isolated and its output voltage falls to zero.
Meanwhile, the output from module 3 is increased to compensate and the other
module outputs remain at their pre-fault values, as shown in Fig.5.16 (a). A detailed
view of the module output voltages (Vo1, Vo2, Vo3, Vosa) is shown in Fig.5.16 (b).
However, for this case with a low number of converter modules, module 3 output
voltage experiences a large overshoot due to the 50 % step increase in the input
voltage to module 3 resulting from control action following the fault. This issue
would be less significant in a practical high-power medium-voltage system, which
would require a DC/DC converter with a much larger number of modules, leading to

a smaller transient change of input voltage under the same fault conditions.
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Fig.5.16: Experimental results illustrating fault-tolerant operation of the converter

when a short circuit fault is applied to the output of module 4 (a) modular output
voltages (b) detail of modular output voltages (c) output voltage and output current

during transient and (d) modular output voltages under steady-state conditions

Fig.5.16 (c) shows output voltage V, and output current I, transients following the
fault. The proposed control scheme provides a fast dynamic response after a short
duration (<10 ms) transient, and maintains at its pre-fault value. For the steady-state
condition after the fault, output voltage is shared equally between healthy modules 1,
2 and 3 as shown in Fig.5.16 (d). These results show that the proposed control scheme
is capable of managing internal module failure, whilst ensuring continuous operation
of and equal voltage sharing amongst the remaining healthy modules. Although there
are not enough modules to demonstrate the equal power sharing performance

following the fault, the concept of balancing input capacitor voltages, isolating the
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faulty module and boosting the outputs of the remaining healthy modules from that

parallel-arm are illustrated in this experiment.

5.5 Summary

A novel ISIPOS connected modular DC/DC converter topology is proposed in this
chapter. With this new topology, the proposed DC/DC converter has the ability to
further expand the benefits of parallel-series connection of low-power rating modules.
The proposed control scheme incorporates power sharing to adjust the individual
control signals produced by the outer Lyapunov output voltage controller. 1VS and
OVS control loops are employed to achieve power sharing between the modules, with
mismatched parameters. Fault detection and redundancy can be easily employed in
this converter due to its modularity. System-level simulation and scaled-down
experimental results confirms that the proposed control scheme applied to the new
ISIPOS DC/DC converter is reliable for uniform power sharing and fault-tolerant
operation. The proposed converter and control strategy can be extended to any
number of modules and any allowable level of redundancy, making it a promising

topology for high-power medium-voltage DC/DC conversion applications.

5.6 Chapter Reference

[1] S. Chunwei, R. Zhao, L. Wangqing and Z. Zheng, “A novel control strategy
for input-parallel-output-series inverter system,” in Electrical Machines and
Systems (ICEMS), 2011 International Conference on, Beijing, pp. 1-5, 2011.

[2] R. Xinbo, C. Wu, C. Lulu, C. K. Tse, Y. Hong and Z. Tao, “Control Strategy
for Input-Series & Output-Parallel Converters,” Industrial Electronics, IEEE
Transactions on, vol. 56, no. 4, pp. 1174-1185, 2009.

[3] C. Wu, R. Xinbo, Y. Hong and C. K. Tse, “DC/DC Conversion Systems
Consisting of Multiple Converter Modules: Stability, Control, and
Experimental Verifications,” Power Electronics, IEEE Transactions on, vol.
24, no. 6, pp. 1463-1474, 20009.

[4] Y. Hong, R. Xinbo and C. Wu, “The input voltage sharing control strategy
for input-series and output-parallel converter under extreme conditions,” in
Energy Conversion Congress and Exposition, 2009. ECCE 2009. IEEE, pp.
662-667, 2009.

[5] R. Xinbo, C. Lulu and Z. Tao, “Control Strategy for Input-Series Output-
Paralleled Converter,” in Power Electronics Specialists Conference, 2006.
PESC '06. 37th IEEE, pp. 1-8, 2006.

142



[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

S. Deshang, D. Kai and L. Xiaozhong, “Duty Cycle Exchanging Control for

Input-Series-Output-Series Connected Two PS-FB DC-DC Converters,”

Power Electronics, IEEE Transactions on, vol. 27, no. 3, pp. 1490-1501, 2012.
J. W. Kimball, J. T. Mossoba and P. T. Krein, “A Stabilizing, High-

Performance Controller for Input Series-Output Parallel Converters,” Power

Electronics, IEEE Transactions on, vol. 23, no. 3, pp. 1416-1427, 2008.

D. Qing, Q. Bojin, W. Tao, Z. Tao and L. Xiao, “A High-Power Input-

Parallel Output-Series Buck and Half-Bridge Converter and Control Methods,”
Power Electronics, IEEE Transactions on, vol. 27, no. 6, pp. 2703-2715, 2012.
A. A. Aboushady, “Design, Analysis and Modelling of Modular Medium-

Voltage DC/DC Converter Based Systems,” PhD thesis, Departement of
Electronics and Electrical Engineering, University of Strathclyde, Glasgow,

2012.

S. N. Manias and G. Kostakis, “Modular DC-DC convertor for high-output

voltage applications,” Electric Power Applications, IEE Proceedings B, vol.

140, no. 2, pp. 97-102, 1993.

S. Jianjiang, L. Jie and H. Xiangning, “Common-Duty-Ratio Control of

Input-Series Output-Parallel Connected Phase-shift Full-Bridge DC/DC

Converter Modules,” Power Electronics, IEEE Transactions on, vol. 26, no.

11, pp. 3318-3329, 2011.

R. Giri, V. Choudhary, R. Ayyanar and N. Mohan, “Common-duty-ratio

control of input-series connected modular DC-DC converters with active

input voltage and load-current sharing,” Industry Applications, IEEE

Transactions on, vol. 42, no. 4, pp. 1101-1111, 2006.

K. Jeong-il, R. Chung-Wook, M. Gun-Woo and Y. Myung-Joong, “Design of

phase-shifted parallel-input/series-output dual inductor-fed push-pull

converter for high-power step-up applications,” in Industrial Electronics

Society, IECON '01. The 27th Annual Conference of the IEEE, pp. 1249-

1254, 2001.

V. Choudhary, E. Ledezma, R. Ayyanar and R. M. Button, “Fault Tolerant

Circuit Topology and Control Method for Input-Series and Output-Parallel

Modular DC-DC Converters,” Power Electronics, IEEE Transactions on, vol.

23, no. 1, pp. 402-411, 2008.

143



Chapter 6: DAB Modules with ISIPOS

Connection

This chapter proposes a new high-power ISIPOS connected modular DC/DC
converter, where the DAB DC/DC converter is employed as the basic module in the
primary and secondary sides. This converter arrangement enables bidirectional power
transfer, which is essential for DC energy transfer and storage systems. Each DAB
module is operated in a single-phase-shift (SPS) mode, thus achieving easy
implementation. The control strategy presented in Chapter 5 is extended to the DAB
based ISIPOS connected modular DC/DC converter to enable power sharing between
the modules and facilitate fault-tolerant operation. The viability and effectiveness of
the proposed control method are demonstrated through simulation of power sharing
performance and fault-tolerant operation in a 1 MW DC/DC converter. This
simulation is supported by experimental results obtained from a 15 kW DAB test rig
with 1.7 kV silicon-carbide MOSFET devices. Experimental data from these tests

were used to propose a concept design for a scaled-up 5 MW version of this topology.
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6.1 DAB Converter Background
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Fig.6.1: ISIPOS converter topology with DAB modules

Chapters 4 and 5 demonstrated the successful operation of IPOS and ISIPOS
connected modular DC/DC converters with phase shifted full-bridge modules to
applications with uni-directional power flow. This chapter extends the IPOS and
ISIPOS connection concept to bi-directional power flow, which is required for a range
of applications such as bi-directional energy transfer between two DC buses and
energy storage in renewable energy system, batteries, and hybrid electric vehicles
(HEV) [1, 2]. For the proposed offshore wind farm DC collection network, the
bidirectional DC/DC converter is a promising solution for wind turbine black-start

operation.

Fig.6.1 shows the proposed structure of a 2n-module ISIPOS connected modular
DC/DC converter. The low-voltage input stage is made up from two series-connected
blocks, each of which comprises n parallel-connected DAB modules, whilst the high-

voltage output is derived from the series connection of DAB modules. The number of
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parallel and series connected modules can be extended to any number according to the

application requirements.

The high-power bidirectional DC/DC converter is perceived as one of the key
enabling components of DC energy transfer and storage systems, and needs to be
designed for high reliability and efficiency. The ISIPOS connected modular structure
presents a number of attractive features in high-power applications, which have been
outlined in Chapter 5. Considering the modular topology a DAB converter with a
transformer to provide galvanic isolation, presented in Chapter 3, has been shown to
be an attractive solution for high-power applications since its introduction in 1988 [3].
It is therefore employed as the basic module on the primary and secondary sides due
to it having most favorable features in terms of small filter components, mature
technology, and low switching loss and device stress amongst bidirectional DC/DC
converters. The DAB converter offers bidirectional power flow by manipulating the
phase shift between the high-frequency square wave output voltages of the two
bridges. In addition, ZVS operation over a reasonable operating range can be achieved
without additional resonant circuits by incorporating the transformer leakage
inductance, thus achieving high efficiency. Note that the converter may lose soft
switching ability under light load conditions and in practice the soft switching limits
the phase shift variation. VVoltage step-up can be achieved both through the choice of
the parallel/series connection and the transformer turns ratios, however module turns

ratios close to unity are preferred in order to match device voltage ratings.

6.2 Control Strategy for New ISIPOS DC/DC Converter

The details of the control scheme for a 4-module ISIPOS connected modular DC/DC
converter shown in Fig.6.2 are presented in the following section, where Vi, and V,
are the input and output voltage of the converter respectively, V¢q: is the DC input
voltage for modules 1 and 2 due to the parallel connection, V¢4, is similarly the DC
input voltage for modules 3 and 4, li, is the input current of the converter, lin,
lin2,...,lina @re input currents to modules 1 to 4, Vy1,Voy,...,Vos are output voltages for
modules 1 to 4, ljs1, i, ..., lis are output inductor currents for modules 1 to 4, and I,

is load current.
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6.2.1 Power Sharing Control

Phase-shifted

Dox l D

=

Fig.6.3: Phase-shift operating waveform for full-bridge

Phase-shifted

+
G
4 —
a4
PR E—

l
=

51

52

S3

54

DC/DC converter

A A —

—l Ths

S1

>
>

sz

83

1

S4

I >
I »

1

s1

s22

<
1
1

8533

I >
I >

1

s44

Fig.6.4: Phase-shift operating waveform for DAB DC/DC converter

147

>



For converter 1:, . W — T] :
For converter 2:~ 71 v vl 2 + i
cd 1 Weighting i

facto :

For converter 3: ; Mj‘ r_ 1 + |
For converter 4: 2 2 2

For converter 1:
For converter 2:
For converter 3:
For converter 4:

i Input voltage and .
output voltage
sharing control

Lyapunov output voltage
controller

(c)
Fig.6.5: ISIPOS DC/DC converter (a) input voltage sharing controller (b) output

voltage sharing controller (c) overall control

Due to using the same ISIPOS structure, power sharing in this new converter is

similar to that in the ISIPOS connected converter with phase shifted full-bridge

148



modules, which has been fully addressed in Chapter 5. Apart from the differences in
the assignment of the phase shift signals shown in Fig.6.3 and Fig.6.4 between phase
shifted full-bridge converter and dual-active bridge converter, all the control aspects,
including the Lyapunov output voltage control and power balancing methods are

implemented in the same manner as introduced in Chapter 5.

For the converter proposed in this chapter, a dedicated input voltage control loop is
employed for stable operation of the input-series stage as shown in Fig.6.5 (a) whilst
output voltage balancing control is used for the input-parallel connection as shown in
Fig.6.5 (b). The inner current loops shown in Fig.6.5 (c) use the mean value of the
currents (lo1, lo2, loz and log) before the output filter capacitance due to the lack of

output filter inductance.

6.2.2 Fault-Tolerant Operation Control

It has been stated that the proposed parallel-series connected modular converter has
internal fault management capability with a designed level of redundancy. This is
achieved through re-configuration of the power circuit such that faulty modules can
be blocked and power-redistributed in order to allow continued system operation
without any performance degradation. The provision of redundancy with the ISIPOS
structure has been fully illustrated in Chapter 5, as well as the detection of the faulty
module. However, unlike the converter with full-bridge modules which requires
additional bypass switches and bleed resistors to bypass the output bridge as stated in
Chapter 4 and Chapter 5, the converter with DAB modules can block both bridges
without additional devices, indicating less cost and a simpler control scheme.

The effectiveness of the proposed control strategy is assessed in the following section,
which considers the impact of mismatches amongst modules, and internal module
failure operation in the 4-module ISIPOS connected modular converter shown in
Fig.6.2.
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6.2.3 Simulation Validations of Power Sharing Performance

Comparison between the widely used common duty-cycle control scheme shown in
Chapter 5 and the proposed control scheme is presented to assess the performance
improvement offered when the ISIPOS connected modular DC/DC converter is
regulated using the proposed power sharing controller in the context of parameter
mismatches, including input capacitance, transformer turns-ratio, and output

capacitance mismatches, as specified in Table 6.1.

Table 6.1: List of parameters for ISIPOS connected 4-module DC/DC converter

Simulation Simulation
Parameter Parameter
Values Values
Converter Rated 1 MW Input DC Voltage 2 KV
Power
Number of
Modules 4 Output DC Voltage 18 kV
PWM Carrier . Cq1 =500 pF
Frequency 2.5 kHz Input Capacitance Cep =800 LF
T,=1:6.3 C; =300 pF
Transformer T,=1.6.4 . C, =350 uF
Turns-Ratio To=1:6.3 | QutputCapacitance |~ _a5q
T,=1:6.4 C, =330 uF

The ISIPOS converter, shown in Fig.6.2, consisting of 4 DAB modules, with a
nominal rating of 1 MW is presented to test the power balancing ability. The control
scheme presented is tested by applying a step change in load voltage from 18 kV to
18.5 kV at t=0.1 s and back to 18 kV at t=0.2 s. Note that the interleaved control is
not implemented in this case in order to have a better comparisons of the power
sharing performances.
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Fig.6.6 (a) shows the simulation results with common duty-cycle control, whilst
Fig.6.6 (b) shows the results with the dedicated power sharing control, where in both
cases the values of the input capacitors, output capacitors and transformer turns-
ratios are made to be different as shown in Table 6.1. From Fig.6.6 (a-2) and Fig.6.6
(b-2), it can be seen that the dedicated output voltage sharing controller shown in
Fig.6.5 (b) helps to equalise the input currents, therefore ensuring that each module
contributes equally to the output voltage. Meanwhile, it is demonstrated in Fig.6.6 (a-
3) and Fig.6.6 (b-3) that the proposed input voltage sharing controller maintains
input capacitor voltage balance. Hence, the proposed control scheme is capable of
ensuring power balance between the modules in the presence of module component

mismatches.

6.2.4 Simulation Validations of Fault-Tolerant Operation

This section presents an investigation into fault-tolerant operation with the proposed
control scheme under internal module fault conditions. An ISIPOS connected
modular converter, as shown in Fig.6.1 but with 10 modules, provides the basis for

the study.

Table 6.2: List of parameters for ISIPOS connected 10-module DC/DC converter

Simulation Simulation
Parameter Parameter
Values Values
Converter Rated 5 MW Input DC Voltage 5 KV
Power
Number of
Modules 10 Output DC Voltage 28 kV
PWM Carrier . Cq1 =4000 pF
Frequency 5 kHz Input Capacitance Cep =4200 F
T,=1:14 C, =150 pF
T,=1:1.45 C, =180 uF
T;=1:14 C3 =150 pF
T,=1:1.45 C4 =180 puF
Transformer Tg=1:1.4 . Cs =150 puF
Turns-Ratio Te=l:1.45 | OutputCapacitance | o"_jq0 i
T,=1:14 C7; =150 pF
Tg=1:1.45 Cg =180 puF
Te=1:1.4 Cy =150 pF
T10=1:1.45 C10=180 uF
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In order to show the effectiveness of the control scheme, a short-circuit fault is
applied to module 5 at t=75 ms. Once the faulty module is detected by the detection
scheme presented in Chapter 5 and blocked, the remaining healthy module outputs
must be boosted to compensate for the loss, as presented in Chapter 5. Note that apart
from the fault condition, the simulation model also includes various mismatches

between module parameters, which are listed in Table 6.2.
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Fig.6.7: Simulation results illustrating dynamic performances of the converter when a
short circuit fault is applied to the output of module, with mismatched parameters (a)
output voltage (b) output current (c) modular input voltage and (d) modular output

voltage

Simulation results highlighting converter performance under the proposed fault-
tolerant control scheme when a short-circuit fault is applied to module 5 are
presented in Fig.6.7. Fig.6.7 (a) shows that output voltage V, recovers to the desired

value within a few milliseconds following the fault. Fig.6.7 (b) shows the output
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current |, disturbance caused by the fault. The input voltage, shown in Fig.6.7 (c), is
evenly distributed amongst the upper and lower parallel connected arms following
the disturbance. In addition, Vo1, Vo2, Vo3 and Vos in the upper arm are equally
boosted to compensate the loss of Vs, Whilst Vg, Vo7, Vos, Vogand Veip in the lower
arm are unaffected as shown in Fig.6.7 (d). Note that all the sharing performances are
realised under conditions of mismatched converter modules, indicating that the
proposed control scheme is able to not only ensure system reliability in the event of

internal module faults but also to sustain high performance.

6.3 Experimental Set-up and Results

The system design is for a 5 MW DC/DC converter based on an ISIPOS
configuration and consisting of 2n DAB modules. To investigate potential hardware
implementation, a scaled-down single module is built, with the aim of investigating
the required footprint for a realistic module, analysing the loss mechanisms, and
better understanding how a single realistic module building block can be replicated
and connected to form a whole system. The set-up and experimental results for the
15 kW laboratory prototype are presented in this section.

6.3.1 Experimental Set-up

Although the proposed multi-module converter allows implementation using low-
power rating switches, the optimisation of module number depends on the choice of
switches which need to be specified to address the high-power DC/DC converter.
Mainly, there are three commonly used switches: Si-MOSFET, IGBT and

SiC-MOSFET devices, which will be evaluated in the following sections.

The Si-MOSFET has been widely used in many applications since its introduction in
the 1970s. It provides a number of appealing advantages including high switching
speed, simple drive requirements, low Rds,,, and suitability for extended duration
operation. However, the application of MOSFETs is limited by the reduced
performance of high-voltage devices. Whist switching speeds can remain high, high-
voltage MOSFETs show increased conduction losses and poor reverse recovery
characteristics in the integral anti-parallel diode. Si power MOSFETS are available to

the 1 kV range and are most applicable below the 300 V range. For this application,
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it is likely that Si-MOSFET DC/DC modules would result in an excessive module

count.

The IGBT was first introduced in 1981, combining a MOS gate with bipolar
transistor characteristics to achieve efficient high voltage ratings and simple gate
drive [4]. IGBTs are considered to be the best candidate amongst the switching
devices which enable operation at high voltage where MOSFETS are not applicable
due to the limitation of voltage rating and on-state resistance. However, the
capability of switching frequency decreases as the device voltage level increases.
Present IGBTs are limited to 4.5-6.5 kV, with most common commercial IGBTSs
suited to operation at 1-2.5 kV with reasonable efficiency at frequency less than
4 kHz [4, 5].

Emerging silicon-carbide MOSFET devices presents an attractive solution being
considered for high-power converters which may extend MOSFET switching into
MW power range and frequency in the MHz range [6]. In addition to improved high
voltage performance, SiC exhibits higher temperature rating and performance than
conventional Si, leading to increased power density owing to the higher operating
temperature provided by these wide band gap semiconductors. Currently 1.7 kV SiC
MOSFET devices are readily available in the market, and third generation products

are aiming at voltage levels of 2.5-4.5 kV.

The choice of switches is very application-specific. In principle, the choice of the
constituent devices of the module aims to optimise efficiency and power density.
However this must be balanced against the choice of module number which must
avoid excess complexity whilst being capable of delivering redundant operation.
Amongst the devices discussed, evaluations are based on the trade-offs between the

module voltage level and switching frequency ability.

Si-MOSFETSs are suited to modules specified to operate at voltages below 300V.
Although the technology enables the highest switching frequency, the lowest voltage
capability results in the highest number of modules. IGBTs could provide greater
module voltage, however, the switching frequency is limited to the range of
2-10 kHz depending upon the choice of module voltage and power capacity. Whilst
module number for IGBT based modules will be less than that of MOSFET based
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module, the reduced switching frequency will introduce the penalty of increased
transformer size and weight. SiC-MOSFETs could provide a compromise of
achieving higher frequency compared with that of IGBTs and raised voltage level
compared with that of Si-MOSFETS. In addition, loss analysis [7] has clarified that
the efficiency of a DAB with mature SiC devices may reach 99 %. Note that the cost,
size, switching frequency and thermal requirements of the application should all be
considered when choosing the switching devices.

Based on a review of properties, the SIC-MOSFET was chosen as the device type for
the evaluation module, to achieve a low-loss, high power density bi-directional DAB
building block for ISIPOS DC-DC converters.

Table 6.3: List of parameters for experimental system

Parameters Values
Converter Rated Power 15 kw
Input DC Voltage 1 kv
Input Capacitor > 20 pF
Output Voltage 1 kv
Output Current 10 A
Output Capacitor > 14 uF
Resonant Capacitor 4.4 nF
Transformer Turn Ratio 1:2
Transformer Frequency 50 kHz
Primary Leakage Inductance 10 uH
Transformer Efficiency 99.4 %
External Leakage Inductor 85 uH
Estimated Converter Efficiency | >93% with power density of 800 W/kg

The CREE CAS300M17BMZ2 SiC-MOSFET was selected to enable normal
operation at Vi,=1 kV, Vy,=1 kV, and a maximum output voltage Vq,:=1.5 kV during
redundancy-mode operation. The detailed specifications of the 15 kW laboratory

prototype module are given in Table 6.3. Note that prototype module validation is
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limited to Vi,<500 V, 1,,<10 A by power supplies available in the laboratory, and
that manufacture of the transformer and the leakage inductors was outsourced to

PaytonGroup.

The estimated converter efficiency considers the switching losses, conduction losses,
gate losses incurred inside the inverter, diode losses associated with non-synchronous

rectification and power losses introduced by the transformer and inductor.

6.3.2 Experimental Results

Based on the specificaions given in Table 6.3, a 15 kW prototype single unit DAB
converter was built, as shown in Fig.6.8. The proposed control system was
implemented using an Infinoeon Technology TC1796 Tricore microcontroller. To
demonstrate the efficiency that can be achieved with the prototype, a set of
synchronous rectification tests were carried out with Vj=Vo,=300 V and
Vin=Vout=500 V at 50 kHz operating frequency. Note that the discontinuous current
conduction approach is applied and the output is a passive load.

Medium-frequency

~
Added leakage
ductance

Inverter
Unit

Rectifier
Unit

Danger

\ /2 \ Live terminals N

[ AN 1\ -

Fig.6.8: Single unit DAB DC/DC converter test rig

157



Fig.6.9: Synchronous rectification experimental results with 300 V input voltage: Vin,
Vout and Vi with 250 V/div, and lsec with 1 A/div. Timebase =5 ps/div.

Given Vin=Vo,=300 V, Fig.6.9 presents input voltage Vi, output voltage Vo,
transformer primary voltage Vi and secondary current I, waveforms, at load
current of 1.75 A. Fig.6.10 shows the associated results when Vi, and Vo equal 500
V at load current of 3.03 A.

Fig.6.10: Synchronous rectification experimental results with 500 V input voltage:
Vin, Vour and Vi with 250 V/div, and lsc with 2 A/div. Timebase =5 ps/div.
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Fig.6.11: Measured converter efficiency with Vij;=V,,:=300 V

The input power is measured using DC voltage input and RMS current measurement
taken from the DC source, whilst the output power of the prototype module is
monitored with a power analyser. Following the same procedure, the conversion
efficiency of the prototype was calculated for several load current values and is
shown in Fig.6.11. Observe that, during light load conditions, converter efficiency
exhibits an increasing trend as load is increased. Efficiency starts to decrease under
high load conditions. Note that higher efficiency can be expected with higher

operating voltage.

6.4 Scaled-up Example

The circuit configuration of a 5 MW, 50 kV output, 100 A DC/DC converter
consisting of 100 kW DAB modules with SiC-MOSFETSs, which can be obtained
through scaling up the power level of the presented 15 kW module by a factor of 10,
is shown in Fig.6.12.

Since the optimum input voltage for single module is 1 kV, the 4 kV input voltage
can be obtained using a design with four parallel arms being series connected at the
front end. With series connection at the outputs, the proposed converter topology can

realise high input to output ratio with low module transformer turns-ratios. In this
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case, isolation transformers with unity turns ratio can be achieved which results in
simple construction and minimum leakage inductance. Additionally, interleaved
control of the module switches can decrease the output ripple considerably, which
corresponds to reduce output filter requirements [8]. From calculation, 50 modules
are required to address 5 MW power rating. Considering fault-tolerant operation, a
level of designed redundancy is provided in this configuration, leading to 56 modules
in total.
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6.5 Summary

The novel ISIPOS connected topology is applied to a DAB module topology in this
chapter. The control scheme proposed in Chapter 5, incorporating power sharing
control and fault-tolerant operation, is successfully employed in this converter and
simulation results are provided to validate the converter’s ability to provide reliable
power sharing and fault-tolerant operation. Moreover, a realistic 15 kW DAB module,
using 1.7 kV 300 A silicon carbide devices, is built in order to inform design
considerations regarding the required footprint for a realistic module, the loss
mechanisms, and how a single realistic module building block can be replicated and
connected to form a whole ISIPOS converter system. The set-up and experimental
results of the 15 KW prototype unit are presented, with an emphasis on the choice of
power switches. In addition, a scaled-up converter with targeted 5 MW power
capacity, consisting of 56 100 kW DAB modules, shows the possibilities of this

proposed ISIPOS DC/DC converter in medium-voltage high-power applications.
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Chapter 7: Conclusions

Studies have shown that MVVDC connection may be advantageous for long cable
networks, such as the collection grids for offshore wind farms. Realising the benefits
of MVVDC will require the use of high-power DC/DC converters capable of operating
at the required network voltage, e.g. a wind generator 2-6 kV DC link must be
stepped-up to a voltage (30-60 kV DC) compatible with an efficient wide area
network connection, which is beyond the voltage capability of existing power
semiconductors. Concerning the challenging in DC/DC conversion of the offshore
DC collection network, the study performed through out the thesis has convered the
issues as the parallel-series connected modular DC/DC converter topologies, control
designs, with emphasis on the power sharing control between the modules under
conditions of module parameter mismatch and internal fault-tolerant operation.. To
sum up, all the DC/DC converters presented in this thesis could be good potential
solutions for high-power DC/DC conversion. The conclusion for each chapter, the
main contributions of this investigation, and suggestions for future research are

presented in the following sections.

Chapter 1 introduces the background to offshore wind energy development, explains
the benefits of the MVDC collection network for offshore wind farms and discusses
the challenges in applying present DC/DC converter topologies at the required
network voltages. In addressing the challenges, Chapter 2 reviews four converter
topologies that are potentially suitable for high-power medium-voltage application.
In contrast to other alternatives, the proposed parallel-series connected modular
converters with low-power rating transformer-coupled modules present many
advantages, such as lower dv/dt, smaller footprint (lighter weight and smaller size),
high efficiency and higher reliability, making the converter especially suitable for the
proposed MVDC application. Chapter 3 assesses four different parallel-series
connections, potential module topologies and different choices of transformer cores.
From these assessments, an IPOS connected phase shifted full-bridge module, and
DAB module with medium-frequency NANOPERM transformer is selected.
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In Chapter 4, a new °‘master-slave’ control strategy is proposed for the IPOS
connected modular converter to ensure equal power sharing between the modules
when modules have mismatched parameters. Non-linear controller is introduced to
offer improved transient response and robustness to parameter variations when
compared to a conventional Pl controller. The feasibility for power sharing is
assessed through simulation and experimental results that are presented based on a
10-module application-level simulation and a 4-module scaled-down experimental
test rig respectively. High reliability is one of the important merits of the proposed
converter due to its inherent redundancy feature. With regard to redundancy for
internal module faults, especially in the event of a fault in the master module, the
new ‘non-dedicated master’ control scheme allows fault-tolerant operation to be
achieved independent of fault location without any compromise to power sharing
between the modules. The validity of the presented fault-ride-through control scheme

has been confirmed by simulation and experimentation.

Chapter 5 extends the parallel-series connection presented in Chapter 4 to a new
ISIPOS connection. This new high-power DC/DC converter, where full-bridge
DC/DC modules are input-series-input-parallel output-series connected, is a
promising topology for high-power medium-voltage applications since the input-
series-input-parallel connection enables device rating and switching frequency to be
further optimised compared with input-parallel connection. For the new connection,
this chapter presents the power balancing principle and control scheme that provide
equal power distribution between modules during steady-state and dynamic
conditions. In addition, emphasis has been placed on fault-tolerant operation by
exploiting modularity to provide redundancy in the event of any failure. The power
sharing control ability of the proposed control scheme is shown to effectively
balance power distribution during dynamic operation, and the converter exploits (n+1)
redundancy with the proposed fault detection and redundancy control strategy.

Operation is confirmed through simulation and experimentation.

To address the issue of bidirectional power transfer, a new high-power DC/DC
converter with ISIPOS connection is developed in Chapter 6 to allow bidirectional
power flow, using a DAB module topology. Its power balancing method and fault
operation are analysed, and its feasibility is assessed through 1 MW and 5 MW
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converter simulations. In addition, a 15 kW DAB module prototype, implemented
using 1.7 kV 300 A silicon-carbide MOSFETSs, shows the possibilities of this
proposed ISIPOS DC/DC converter in high-power medium-voltage applications.

7.1 Author’s Contribution

The main research contributions presented in this thesis are:

A high-power DC/DC converter with IPOS connected transformer-coupled
modules, which is scalable for high-power medium-voltage applications, is

proposed for MVDC collection networks for offshore wind farms.

The transfer functions obtained from small-signal modelling and from linearised
large-signal modelling of the IPOS DC/DC converter are presented to assist in

understanding converter behaviour, and in designing the controller.

A power sharing control scheme, which includes a Lyapunov-based output
voltage controller, modular output voltage controllers and inner current
controllers, is proposed to achieve power balancing between the modules.
Theoretical analysis and experimental results show that the non-linear controller,
based on the large-signal model, facilitates faster dynamic response at start-up
and higher disturbance rejection capability in comparison with a conventional

linear controller.

A new controller, based on the concept of the ‘non-dedicated master’, is
developed for the IPOS connected modular converter to address the issue of
master module failure in the commonly-used fixed ‘master-slave’ scheme by
permitting arbitrary reallocation of the role of ‘master’ to another healthy module
when the original master module fails. This new control scheme allows

fault-tolerant operation to be achieved independent of fault location.

A modified ISIPOS connected modular DC/DC converter brings further
optimisation to the converter by introducing novel input-series-input-parallel
connection, which in effect results in lower power rating of individual modules

compared with the IPOS connected modular DC/DC converter.

Theoretical analysis regarding power sharing in the ISIPOS converter is
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presented. Based on this, an effective control strategy for power balancing
between modules in the presences of module parameter mismatches, and

fault-tolerant operation are developed for this new ISIPOS converter.

e Extension of the proposed uni-directional ISIPOS connected modular DC/DC
converter to a converter with bidirectional power flow capability is realised in
order to meet the development of renewable energy. With the proposed dedicated
power sharing control and fault-tolerant operation control, the new converter
consisting of transformer-coupled DAB modules has no difficulty in term of

power sharing and internal module fault operation.

e The three presented multi-module converters consisting of n transformer-coupled
modules, whose inputs and outputs are parallel or series connected, are all well
suited for an offshore DC collection grid due to several attractive properties,
including that each module only contributes a small fraction of the total power
and operates at voltages and currents that can be supported by available power
semiconductors, that the modular structure allows the converter to be re-
configured and higher switching frequency can be achieved without significant
design challenges, and that redundant modules in this modular configuration
provide fault ride through operation with the designed level of redundancy,
which all make deployment of DC collection networks in offshore wind farm
applications more feasible and effective. Note that the proposed converters and
control strategies can be readily extended to any number of modules and any
allowable level of redundancy, making them promising for high-power

applications.

7.2 Suggestions for Future Research

Three types of parallel-series connected modular DC/DC converters that are suitable
for high-power medium-voltage application have been proposed in this thesis to
address the challenges of high-power DC/DC converters. The appropriateness for
offshore collection applications such as scalability, high efficiency, low production
cost, small footprint, high reliability and controlled dv/dt has made this type of

converter the most promising solution. Additionally, the proven viability and
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robustness of the converter topologies and control schemes also increase confidence

in the proposed solution. However, there are more suggestions for future research

regarding the converters presented in this thesis.

The ISIPOS connection can be further extended to input-series-input-parallel,

output-series-output-parallel (ISIPOSOP) connection.

More work is needed in order to validate the proposed converter topologies and
the control schemes in the context of the offshore DC collection network, where
the terminal of the DC/DC converter is connected to a voltage source instead of a

resistive load.

The increased operating frequency of the AC link can reduce the size and weight
of the transformer. However, the maximum reduction that can be achieved will
be limited by insulation and isolation requirements. Further investigation is
required to analyse the most suitable switching frequency, considering
transformer size, cost and power loss. Another possibility is to use a single multi-

phase transformer to replace the isolated transformers in each module.

The crucial aspect of using redundant modules to provide redundancy is the
trade-off between cost and reliability. The most cost-effective level of

redundancy should be identified.
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Appendices

The appendices show details of the practical implementation, including the test rigs,
circuit boards and also program codes. The list of tables and figures, and the author’s

publications are also presented.

Appendix A

This appendix shows the structures of the two experimental prototypes used in this

study.

A.1 Experimental Prototype A

This section presents the hardware components and controller used in the practical
implementation of the proposed DC/DC converter consisting of four full-bridge
modules. Note that both of the IPOS connected modular converters presented in
Chapter 4 and the ISIPOS connected modular converter presented in Chapter 5 use
the same prototype to verify the proposed power sharing control scheme and fault-

tolerant operation. Table A.1 shows the main components of the hardware structure.

Table A.1 List of the main components in the prototype

Component Number Component Name
Al.l Digital Signal Processor
Al?2 DSP Interfacing Circuits
Al3 Gate Drive Circuits
Al4 Voltage and Current Measurement Circuits
Al5 DC Voltage Source
Al.6 Digital Oscilloscope
Al.7 Four Full-bridge DC/DC Modules
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A.1.1 Digital Signal Processor

The Infineon Tricore 1796 32-bit microcontroller DSP shown in Fig.A.1 measures
digitised voltage and current signals, then uses these as feedback to perform the
proposed control algorithm that generates the driving signals for the power switches.
The main features of the TC1796 DSP are:

Fl |

Fig.A.1: Infineon 32-bit TriCore 1796 DSP (the lower board) with two interface

boards (two upper boards)
The main features of TC1796 are listed below:

e  Maximum CPU clock frequency 150 MHz at full automotive temperature range
from -40 ‘Cto +125 C

e Single precision floating point unit (FPU)

e  32-bit Peripheral Control Processor with single cycle instruction (PCP2)

e Two 16-channel Analog-to-Digital Converter (ADC) units with selectable 8-bit,
10-bit, or 12-bit resolution and one 4-channel fast analog-to-digital converter
unit (FADC) supports 10-bit resolution with maximum conversion time of 280
ns.

e Multiple on-chip memories including 2 Mbyte Program Flash Memory with
ECC, 128 Kbyte data flash memory, 192 Kbyte on chip SRAM and 16 Kbyte
instruction cache

e Two general purpose timer array modules (GPTA) and separate local timer cell
array (LTCAZ2) with the ability of digital signal filtering and timer functionality

e Clock Generation Unit with PLL
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123 digital general purpose /O lines, 4 input lines and digital 1/0 ports with 3.3

V capability

Requires only a single 3.3 V supply

A.1.2 DSP Interfacing Circuits
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The two interface boards implemented in this circuit are shown in Fig.A.1, with one
circuit isolating the ADC channels of the controller from the voltage and current
transducer circuits, and the other isolating the PWM channels from the gate drive
circuits and scaling-up the PWM output from 3.3 V to 5 V. The two circuit
schematics are given in Fig.A.2 and Fig.A.3 separately. Note that the interfacing
circuits require DC supplies with different grounds in order to bias the various

control circuits.

A.1.3 Gate Drive Circuits
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Fig.A.5 Gate drive circuit schematic
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Fig.A.4 shows the gate drive circuit implemented in this test rig and the circuit
schematic is shown in Fig.A.5. The gate drive circuit is used to provide electrical
isolation between the PWM interface circuit and gate drive circuits, amplify the 5 V
PWM signal output from the DSP interfacing board to 15 V for the power switches

and source enough current for the switching devices to be turned on.

A.1.4 Voltage and Current Measurement Circuits

The voltage transducer shown in Fig.A.6, based around an LEM-LV 25-P sensing
device, is used to measure voltage signals and has a sensing range of 0-500 V and an
output range of 0-10 V. In the current transducer shown in Fig.A.7, an LEM-LA 55-
P Hall-effect sensing device is employed to measure both AC and DC, and has a
sensing range of 0-50 A. The LV 25-P and LA 55-P transducer data sheets are

provided and the actual transducer circuits are shown in Fig.A.8.
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Voltage Transducer LV 25-P I, = 10 mA
For the electronic measurement of voltages : DC, AC, pulsed..., 1 0 500 V
with a galvanic isolation between the primary circuit (high voltage) PN
and the secondary circuit (electronic circuit).
| Electrical data
oy Primary nominal r.m.s. current 10 ma  Features
I Primary cumrent, measuring range 0.+14 ma
R, Measuring resistance Ry min Ry max * Closed loop (compensated) voltage
with+ 12V @ 10mA 30 180 0 transducer using the Hall effect
@ t 14 mﬁ'"“‘ 30 100 0 # Insulated plastic case recognized
mia .
with + 15V @ +10mA,_, 100 350 0 accarding to UL 84-V0.
@+ 1dma 100 190 [yl
e Principle of use
Loy Secondary nominal r.m.s. current 25 mA
Ky Conversion ratio 2500 : 1000 * For voltage measurements, a current
Ve Supply voltage [1.5 %] t12.158 v proportional to the measured voltage
I Current cunsumptlon. _ : 10 (@ 15V)+1, ma must be passed through an external
v, R.m.s. woltage for AC isolation test ), 50 Hz, 1 mn 2.5 kv resistor R , which is selected by the
user and installed in series with the
Accuracy - Dynamlc performance data primary circuit of the transducer.
X, Overall Accuracy @ I, T, =25°C @ +12 .15V 089 % Advantages
@15V I(EES%) 048 Y
EL Linearity =02 % * Excellent accuracy
Typ | Max * Very good linsarity
I,  Offsetcurrent @1, =0, T, = 25°C +015 ma * Low themal dift

- Thermal drift of I 0°C . +25°C  |£0.06(0.25 mA
+25°C .+ T0°C |+ 0.10(+£ 0.35 mA

t, Response time 2 @ 90 % of V, __ 40 Js

General data

T, Armnbient operating temperature 0.+70 C

T, Ambient storage tempsrature -25..+ 85 i

Re Primary coil resistance @ T, = 70°C 250 0

R Secondary coil resistance @ T, = 70°C 110 L

m Mass 22 q

Standards 3 EN 50178
Motes : " Between primary and secondary

A R, = 25 kQ (L/R constant, produced by the resistance and inductance

of the primary circuit)
A list of corresponding tests is available

* Low response time

* High bandwidth

* High immunity to external
interference

* Low disturbance in common mode.

Applications

* AC varable speed drives and servo
maotor drives

* Static converters for DC motor drives

* Battery supplied applications

* Uninterruptible Power Supplies
{UPS)

* Power supplies for welding
applications.

981125/14

LEM Components
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Current Transducer LA 55-P | = 50A

PN
For the electronic measurement of currents - DC, AC, pulsed. .,
with a galvanic isolation between the primary circuit (high power)
and the secondary circuit (electronic circuit).
Electrical data
- Primary nominal r.m.s. current 50 A Features
I Frimary current, measuring range 0.+70 A
R, Measuring resistance @ T,=70°C | T,=85C s Closed loop (compensated) current
L - N | L S . S transducer using the Hall effect
with =12 @=50A, 10 100 | 60 o5 o + Printed circuit poard mounting
@+T0A 10 50 | 60" sO" o @ * Insulatfed plastic t.asfe recognized
with = 15V @=50A 50 160 | 135 155 Q according fo UL 94-V0.
@+T0A 50 90 13531352 0
_ e Advantages
- Secondary nominal r.m.s. current 50 maA
K. Conversion ratio 1:1000 « Excellent accuracy
Vc Supply voltage (£ 5 %) £12..15 W o Very good linearity
I Current consumption 10@+15v)=l, mA + Low temperature drift
v, R.m.s. voltage for AC isolation test, 50 Hz, 1 mn 25 kWY « Optimized response time
- « Wids frequency bandwidth
Accuracy - Dynamic performance data « No insertion losses
X Accuracy @1, T, =25°C @+15V(£5%) =065 %  * High immunity to external
@+12 .15V {x5%) =090 % interference
£, Linearity =0.15 9« Current overload capability.
Typ | Max . .
|, Offset curent @ 1,=0, T, = 25°C +02 ma Applications
- Residual current® @ |_= 0, after an overload of 3 x I_,, +03 mA ) :
I, Thermal drif of I 0°C.+70°C  |+0.1|x05 ma ° AC varable speed dives and servo
25°C . +85°C |+01|x06 ma  motordives
o " -l » Siatic converters for DC motor drives
te Reaction time @ 10 % of I, =500 NS o Battery supplied applications
T, Response time @ 90 % of I _,, =1 US o Uninterruptible Power Supplies
dildt  difdt accurately followed =200 Alus {UPS)
f Frequency bandwidth (- 1 dB) DC .. 200 kHz o Switched Mode Power Supplies
(SMPS)
General data « Power supplies for welding
T, Ambient operating temperature -25..+85 C applications.
T, Ambient storage temperafure -40 .. +90 “C
R, Secondary coil resistance @ T,=70°C 80 0
T, =85°C 85 Q
m Mass 18 g
Standards # EN 50178
Notes - * Measuring range limited to + 60 A _,
= Measuring range limited to £ 55 A
* Result of the coercive field of the magnetic circuit
4 A list of corresponding tests is available 080706/8
LEM Compeonents www . lem.com
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Fig.A.8: Voltage and current transducer

A.1.5 DC Voltage Source
An Argantix 600 V, 25 A DC power supply, shown in Fig.A.9, is used provide the

DC voltage to the experimental test rig.

Fig.A.9 DC power supply

A.1.6 Digital Oscilloscope
A Tektronix TDS 2024 200 MHz, 2 GS/s digital oscilloscope, shown in Fig.A.10, is

used to measure the voltage and current signals from current and voltage probes.

——
Toktronix TS 202410

Fig.A.10 Digital oscilloscope
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A.1.7 Four Full-bridge DC/DC Modules

Fig.A.11: Single full-bridge DC/DC module

FORM

identiier: F 108 Product specification A . amoH
s:;:mn:ﬂ‘: for inductive oomponenls [0-63505 Langenselbold
O
Clent: MAGNETEC [Mognetec PN | M-134 Nagnetec AR | 12119
Clents PIN: | - | S indax: 101 P5 Revision: 0
[Subject: EMC Wander Type:
[7- Mechanical Ouiline
MNominal core dimensions:
50 x 40 x 20 ! t
Finished product dimensions: A R‘\KING _________
0D =60,0 (1)/ 40,0 (2) !
ID =430 (1)/250 (2) ! b
Hz223 i o g
i = ©
[dimensions] = mm \ [ ) BT T R
i /
D1 H
QD1
2. Core data
Core material: NANOPERM® L. =141cm A, =08om
Mominal values: Permeability level @ frequency @ H peak
45.000 10 kHz 3,0 mA/cm
3. Inspaction values
Measured value Measurement limits Frequen: eff x N [ma x turm
AL1 H] 20,0 - 40,0 10 kHz 30,0
4. Core finishing
Type: Epoxy coated
Marking: MAGNETEC M-134-01 YM (YM = Year/Month), acc. to IEC 62 5.1
Packaging: 14 =5 carton box; PU -ﬂ;&
5. Comments:
Alteratio ] _Date
Froduct Specification | 13.08.2001
Creatad: A. Kovach F. Zamborszk \ppr V. K is | F F. Rauscher
(Techn): (GQuality):
13.08.2&01 13.08.2001 1 3.US.2£D1 17.08.2001

Fig.A.12 Magnatec NANOPERM nano-crystalline core data
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A single module, as shown in Fig.A.11, consists of one inverter bridge constructed
using Infineon IPB027N10N3 MOSFETs (G Vps=100 V and Rgson)=2.7 ML), one
Magnatec GmbH M-134-01-E NANOPERM® nano-crystalline core transformer,
one bridge rectifier constructed using Infineon SIDC23D60E6 diodes, and an output
LC filter.

Fig.A.13 Experimental prototype A

The complete prototype IPOS (or ISIPOS) connected modular DC/DC converter
with four full-bridge modules is shown in Fig.A.13. Apart from the previously
mentioned main components, the prototype also includes multi-meters, current and

voltage probes, and a resistor bank.

A.2 Experimental Prototype B

The main components of the 15 kw DAB DC/DC converter presented in Chapter 6
are introduced in this section. Note that the controller, DC voltage source and biasing
DC supply used in this experimental test rig are the same as those used in prototype
A. Table A.2 shows the main components in the hardware structure.
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Table A.2 List of the main components in the prototype

Component Number

Component Name

A2l

A22
A23
A24

Two inverter/rectifier units with CREE SiC-
MOSFET CAS300M17BM2

Power Analyser

Transformer with added leakage inductance

Digital Oscilloscope

A.2.1 Inverter/rectifier Unit

Fig.A.14: Inverter/rectifier unit

Table A.3 List of the main components in an inverter/rectifier unit

Component Name Component Value Quality
Input capacitor 470 uF, 450 V 4
Output capacitor 470 uF, 450 V
Heatsink 1 0.3 °C/W, 250 x 250 x 40 mm 1
Heatsink 2 0.33 °C/W, 200 x 250 x 40 mm 1
Axial fan 40MM, 12VDC, 0.133A 8
SiC-MOSFET 1700V 325 A 2
Gate drive board 1700 V 2

The prototype consists of two inverter/rectifier units.

179



A.2.2 Power Analyser

The PM100 single phase power analyser from Voltech is used to measure the output

\
N
N

power, therefore deliver accurate power efficiency.

Fig.A.15 Power Analyser

A.2.3 Transformer

The outsource transformer from PaytonGroup is rated at 20 kVA with 1:2 turn ratio
and 10 pH leakage inductance. The maximum voltage operating level is 1 kV. The

added leakage inductance is 85 uH.
A.2.4 Digital Oscilloscope

The 500 MHz, 2 GS/s LeCroy wave jet 354 digital oscilloscope shown in Fig.A.16 is
used to measure the voltage and current signals from current and voltage probes.

! TG evecer. | 3sE et SkeheT AR

Fig.A.16 Digital oscilloscope
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The complete prototype of the proposed DAB DC/DC converter is shown in

Fig.A.17 Experimental prototype B

Appendix B

The selected program codes for experimental validations are presented.
B.1 Normal Operation of IPOS Connected DC/DC Converter

A. Common duty-cycle control

/*
FEAAAEAAIAAAAAAAAAkAAAkAIAAAAAAIAAAIAAAAAAAAAArAAkArhkhArhhkhkihkhkihkhkihhihhihiiihiiiikx
@Note

OUTPUT-0 P2-8 LTC3 Module 1 Leading High
OUTPUT-1 P2-9 LTC7 Module 1 Lagging High
OUTPUT-2 P2-10 LTC5 Module 1 Leading Low
OUTPUT-3 P2-11 LTC33 Module 4 Lagging Low
OUTPUT-8 P3-0 LTC9 Module 1 Lagging Low
OUTPUT-9 P3-1 LTC11 Module 2 Leading High
OUTPUT-11 P3-3 LTC13 Module 2 Leading Low
OUTPUT-14 P3-6 LTC15 Module 2 Lagging High
OUTPUT-17 P3-9 LTC19 Module 3 Leading High
OUTPUT-18 P3-10 LTC23 Module 3 Lagging High
OUTPUT-19 P3-11 LTC21 Module 3 Leading Low
OUTPUT-20 P3-12 LTC17 Module 2 Lagging Low
OUTPUT-24 P4-0 LTC25 Module 3 Lagging Low
OUTPUT-25 P4-1 LTC27 Module 4 Leading High
OUTPUT-26 P4-2 LTC31 Module 4 Lagging High
OUTPUT-27 P4-3 LTC29 Module 4 Leading Low

KEAAAEAAIAEAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAhkAhhkhhhhkhhhihhihhihiiiiiik

*/

// USER CODE BEGIN (GPTAO_General,7)
/I Variable declarations
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int db=60;

double buflvl = 0.0;
double buf2vl = 0.0;
double buf3vl = 0.0;
double buf4vl = 0.0;
double buflil = 0.0;
double buf2il = 0.0;
double buf3i1 = 0.0;
double buf4il = 0.0;
double bufLoadvl = 0.0;
double buflv2 =0.0;
double buf2v2 =0.0;
double buf3v2 = 0.0;
double buf4v2 = 0.0;

//deadband

/Imodule 1 voltage once
/Imodule 2 voltage
/Imodule 3 voltage
/Imodule 4 voltage
//module 1 current
/fmodule 2 current
/imodule 3 current
/Imodule 4 current
/[converter load voltage
/Imodule 1 voltage twice
/Imodule 2 voltage
/Imodule 3 voltage
/Imodule 4 voltage

double bufli2 = 0.0;
double buf2i2 = 0.0;
double buf3i2 = 0.0;
double buf4i2 = 0.0;

/Imodule 1 current
/Imodule 2 current
/Imodule 3 current
/Imodule 4 current

double bufLoadv2 = 0.0;  //converter load voltage

int Ts=3997; [lcounter for one cycle

int TON,TON_C; /lopen loop on and off time

double Tc = 4E-4; /Itime per cycle

double t; [ltime to control the current reference value
int JJ=1; [/Itime to step change for current reference
int 11=1; /I pattern 1 and pattern 2 chosen value

int del =100; [[for phase shift control

int dell,;

int del2;

int del3;

int del4;

/I USER CODE BEGIN (SRN22,1)
// Control algorithm
void INTERRUPT (GPTAO0_SRN22INT) GPTAO_ViSRN22(void)

{

/I USER CODE BEGIN (SRN22,2)
/I USER CODE END
if(GPTAO_SRSS2_LTCO1)

{

GPTAO_SRSC2 = 0x00000002; // reset LTC1 service request bit
// USER CODE BEGIN (SRN22,4)

/I USER CODE BEGIN (SRN22,4)

del = hard_one_module_PI_part_Y.dell *1998;
i
IiTHiSignal for converter /1T
GPTAO0_LTCXR02=db;
GPTAQ_LTCXR03=1998;
GPTAOQ_LTCXR04=3997;
GPTAQ_LTCXR05=1998+db;
GPTAQ_LTCXR06=db+del;
GPTAQ_LTCXR07=del+1998;
GPTAO_LTCXR08=del;
GPTAQ_LTCXR09=1998+db+del;
T
IiTHSignal for converter 2/
GPTAO0_LTCXR10=db;
GPTAO_LTCXR11=1998;
GPTAO_LTCXR12=3997;
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GPTAQ_LTCXR13=1998+db;
GPTAQ_LTCXR14=db+del;
GPTAQ_LTCXR15=del+1998;
GPTAO_LTCXR16=del;
GPTAO_LTCXR17=1998+db+del;
e
iTSignal for converter 3/
GPTAO_LTCXR18=db; /Iphase shift pwm
GPTAO_LTCXR19=1998;
GPTAO_LTCXR20=3997;
GPTAQ_LTCXR21=1998+db;
GPTAO_LTCXR22=db+del;
GPTAQ_LTCXR23=del+1998;
GPTAO_LTCXR24=del;
GPTAQ_LTCXR25=1998+db+del;
T
iTHiSignal for converter 4/
GPTAO_LTCXR26=db; /Iphase shift pwm
GPTAO_LTCXR27=1998;
GPTAO_LTCXR28=3997;
GPTAO0_LTCXR29=1998+db;
GPTAQ_LTCXR30=db+del;
GPTAQ_LTCXR31=del+1998;
GPTAO_LTCXR32=del;
GPTAQ_LTCXR33=1998+db+del;

W L T §n

I111/Get the ADC signal and transfer////1111111111111/

ADCO_vsStartSingleAutoscan();

while (ADCO_ASCRP & 0x000020F0)

bufLoadvl = 0.035526*(ADCO_CHSTAT12 & 0x00000fff)-27.9947;

buflvl = 0.03525*(ADCO_CHSTAT4 & 0x00000fff)-29.1849; //module 1 real voltage
buf2vl = 0.03687*(ADCO_CHSTAT?7 & 0x00000fff)-39.6738; /Imodule 2 real voltage
buf3vl = 0.02519*(ADCO_CHSTAT6 & 0x00000fff)-17.7889;  //module 3 real voltage
buf4vl = 0.03125*(ADCO_CHSTAT5 & 0x00000fff)-23.53125;  //module 4 real voltage
buflil = 0.004694*(ADCO_CHSTAT11 & 0x00000fff)-1.2486;  //module 1 real current
buf2il = 0.004476*(ADCO_CHSTAT10 & 0x00000fff)-1.07412; /Imodule 2 real current
buf3il = 0.00311*(ADCO_CHSTAT9 & 0x00000fff)-0.4981; //module 3 real current

buf4il = 0.00335*(ADCO_CHSTAT8 & 0x00000fff)-0.5395;  //module 4 real current
bufLoadv2 = 0.03676*(ADCO_CHSTAT12 & 0x00000fff)-29.3014;

buflv2 = 0.03752*(ADCO_CHSTAT4 & 0x00000fff)-30.5065; /Imodule 1 real voltage
buf2v2 = 0.03309*(ADCO_CHSTAT7 & 0x00000fff)-34.9743,; //module 2 real voltage
buf3v2 = 0.02635*(ADCO_CHSTAT6 & 0x00000fff)-18.3136; //module 3 real voltage
bufdv2 = 0.02809*(ADCO_CHSTATS5 & 0x00000fff)-20.955;  //module 4 real voltage

bufli2 = 0.0045*(ADCO_CHSTAT11 & 0x00000fff)-1.116;  //module 1 real current

buf2i2 = 0.004198*(ADCO0_CHSTAT10 & 0x00000fff)-0.87735; /fmodule 2 real current
buf3i2 = 0.003093*(ADCO_CHSTAT9 & 0x00000fff)-0.41134; /fmodule 3 real current
buf4i2 = 0.0033*(ADCO_CHSTAT8 & 0x00000fff)-0.4356;  //module 4 real current
ADCO_vStartSingleAutoscan();

while (ADCO_ASCRP & 0x000020F0)

T

I Ninput to PI calculation//HHTTTHTTTTITIHITTIIITI
T

IV oltage set up reference code//l/TTTHTTTTTTTII
t=J3*Tc;
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if (t <= 10) //110s

ﬁard_one_module_PI_part_U.Load_V_output:ZO;
JJ=10+1;
}
elseif (t<=20) //20s
ﬁard_one_module_PI_part_U.Load_V_output:40;
JJ=10+1;
}
else if
{

hard_one_module_PI_part U.Load_V_output=60;

hard_one_module_PI_part U.Module_Voltage = 0.5*( bufLoadv1+ bufLoadv2); // read load data
hard_one_module_PI_part U.Kp_Module_V = 0.07;

hard_one_module_PI_part U.Ki_Module_V = 12;
hard_one_module_PI_part_U.Module_1 Voltage = 0.5*(buflvl+buflv2); // read module 1 data
hard_one_module_PI_part U.Kp_Module_1 V =0.007;

hard_one_module_PI_part U.Ki_Module 1 V =30;

hard_one_module_PI_part U.Module_1_Current = 0.5*(buflil+bufli2);
hard_one_module_PI_part U.Kp_Module_1 I=0.65;

hard_one_module_PI_part U.Ki_Module_1 | =100;

hard_one_module_PI_part_U.Module_2_Voltage = 0.5*(buf2v1+buf2v2); // read module 2 data
hard_one_module_PI_part U.Kp_Module_2_V =0.007;

hard_one_module_PI_part_ U.Ki_Module_2_V = 30;
hard_one_module_PI_part_U.Module_2_Current = 0.5*(buf2il+buf2i2);
hard_one_module_PI_part U.Kp_Module_2_1=0.65;

hard_one_module_PI_part U.Ki_Module_2_I =100;
hard_one_module_PI_part_U.Module_3 Voltage = 0.5*(buf3v1+buf3v2); // read module 3 data
hard_one_module_PI_part U.Kp_Module_3 V =0.007;

hard_one_module_PI_part U.Ki_Module_3_V = 30;

hard_one_module_PI_part U.Module_3_Current = 0.5*(buf3il+buf3i2);
hard_one_module_PI_part U.Kp_Module_3 1= 0.65;

hard_one_module_PI_part_ U.Ki_Module_3_1=100;
hard_one_module_PI_part_U.Module_4_Voltage = 0.5*(buf4v1+bufdv2); // read module 4 data
hard_one_module_PI_part U.Kp_Module_4 V =0.007;
hard_one_module_PI_part_U.Ki_Module_4 V = 30;
hard_one_module_PI_part_U.Module_4_Current = 0.5*(buf4il+buf4i2);
hard_one_module_PI_part U.Kp_Module_4 1=0.65;

hard_one_module_PI_part U.Ki_Module_4 | =100;

T T e |

/fiCall PI Calculation Function///HHHTHTITTHTTTIIHTTTIIT
hard_one_module_PI_part step();

// USER CODE END

¥

/ USER CODE BEGIN (SRN22,8)

/ USER CODE END

} /I End of function GPTAQ_ViSRN22
*/

T |
1P Calculation Function /1T
#include "hard_one_module_PI_part.h"
#include "hard_one_module_PI_part_private.h"
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/* Block signals and states (auto storage) */
D_Work_hard_one_module_PI_part hard_one_module_PI_part_ DWork;
[* External inputs (root inport signals with auto storage) */
Externallnputs_hard_one_module_ hard_one_module_PI_part_U;

[* External outputs (root outports fed by signals with auto storage) */
ExternalOutputs_hard_one_module hard_one_module_PI_part_Y;

/* Model step function */

void hard_one_module_PI_part_step(void)

real_T rtbh_Sum§;
real_T rtb_Saturation;
real T rtbh_Suml3;
real_T rtb_Saturationl;
real T rtbh_Suml14;
real_T rtb_Saturation2;
real_T rtb_Sum15;
real_T rtb_Saturation3;
real_T rtb_Sum16;
real_T rtb_Saturation4;

T

IITT110utput Voltage Loop /TN

rtb_Sum8 = hard_one_module_PI_part U.Load_V_output -
hard_one_module_PI_part_U.Module_Voltage;

rtb_Saturation = hard_one_module_PI_part_U.Kp_Module_V * rth_Sum8 +

hard_one_module_PI_part DWork.DiscreteTimelntegrator DSTATE *

hard_one_module_PI_part_U.Ki_Module_V;

if (rtb_Saturation >=7.0) {

rtb_Saturation = 7.0;

}else {

if (rtb_Saturation <= 0.0) {

rtb_Saturation = 0.0;

}

}

Ty

[T odule 1 current loop//HHTTHHHTHTTTTTIITTTTTTII

rtb_Suml3 = rtb_Saturation - hard_one_module_PI_part_U.Module_1_Current;
rtb_Saturationl = hard_one_module_PIl_part U.Kp_Module_1 | * rtb_Sum13 +
hard_one_module_PI_part DWork.DiscreteTimelntegrator DSTATE_c *
hard_one_module_PI_part U.Ki_Module_1_I;

if (rtb_Saturationl >=0.975) {

rtb_Saturationl = 0.975;

}else {

if (rtb_Saturationl <= 0.025) {

rtb_Saturationl = 0.025;

¥

}

T ]

[TIIIModule 2 current loop//HHTTHTHTHTTTTTIITTTTTTII

rtb_Suml4 = rtb_Saturation - hard_one_module_PI_part_U.Module_2_Current;
rtb_Saturation2 = hard_one_module_PI_part_U.Kp_Module_2_| * rtb_Sum14 +
hard_one_module_Pl_part DWork.DiscreteTimelntegrator DSTATE _d *
hard_one_module_PI_part U.Ki_Module 2 _I;

if (rtb_Saturation2 >=0.975) {

rtb_Saturation2 = 0.975;

}else {
if (rtb_Saturation2 <= 0.025) {
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rtb_Saturation2 = 0.025;
}

}

T

/T odule 3 current loop//HHTHHTHTHTTTTTIHTTHTTITII

rtb_Suml5 = rth_Saturation - hard_one_module_PI_part_U.Module_3_Current;
rtb_Saturation3 = hard_one_module_PI_part_U.Kp_Module_3_I * rtb_Sum15 +
hard_one_module_PI_part DWork.DiscreteTimelntegrator DSTATE e *
hard_one_module_PI_part U.Ki_Module_3_I;

if (rtb_Saturation3 >=0.975) {

rtb_Saturation3 = 0.975;

}else {

if (rtb_Saturation3 <= 0.025) {

rtb_Saturation3 = 0.025;

}

¥
T T T ]

[TTIIModule 4 current loop//HTHHTHTHTTTTTIHTTTTTTII

rtb_Suml6 = rth_Saturation - hard_one_module_PI_part_U.Module_4 Current;
rtb_Saturation4 = hard_one_module_P1_part_U.Kp_Module_2_I * rtb_Sum16 +
hard_one_module_Pl_part DWork.DiscreteTimelntegrator DSTATE_f*
hard_one_module_PI_part U.Ki_Module_4 I;

if (rtb_Saturation4 >=0.975) {

rtb_Saturation4 = 0.975;

}else {

if (rtb_Saturation4 <= 0.025) {

rtb_Saturation4 = 0.025;

}

}
hard_one_module_PI_part DWork.DiscreteTimelntegrator DSTATE +=2E-5*

rtb_Sums;

hard_one_module_Pl_part DWork.DiscreteTimelntegrator DSTATE ¢ +=2E-5*
rtb_Sum13;

hard_one_module_PI_part DWork.DiscreteTimelntegrator DSTATE _d +=2E-5*
rtb_Suml4;

hard_one_module_Pl_part DWork.DiscreteTimelntegrator DSTATE_e +=2E-5*
rtb_Sum1b;

hard_one_module_Pl_part DWork.DiscreteTimelntegrator DSTATE_f += 2E-5 *
rtb_Sum1e;

Note that the variable declarations of the proposed control scheme are similar with
that of common duty-cycle control, therefore for other operation conditions only the

control algorithm code is given here.

B. Proposed control scheme

i

[T IConverter 1 - Slave /11T

rtb_Sum8 = ipos_module_PI_part_U.Load_V_output_ref/4 -
ipos_module_PI_part U.Module_1 Voltage;

u = ipos_module_PI_part_U.Kp_Module_1_V * rtb_Sum8 +
ipos_module_Pl_part DWork.DiscreteTimelntegrator DSTATE *
ipos_module_Pl_part U.Ki_Module_1 V;

if (u>=10.0){
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u=10.0;
}else {

if (u<=0.0){
u=0.0;

}

}
rtb_Sum?7 = u- ipos_module_PI_part U.Module_1_Current;

u_1=ipos_module_PI_part U.Kp_Module_1 | *rtb_Sum7 +
ipos_module_P1_part DWork.DiscreteTimelntegrator DSTATE_c *
ipos_module_PI_part U.Ki_Module_1 I;

if (u_1>=0.95) {

u_1=0.95;

}else {

if (u_1<=0.05){

u_1=0.05;

}

}

ipos_module_PI1_part_Y.dell =u_1;
T

T Converter 2 - Slave /[T

rtb_Sum9 = ipos_module_PI_part_U.Load_V_output_ref/4 -
ipos_module_PI_part U.Module_2_Voltage;

ul =ipos_module_PI_part U.Kp_Module_2_V * rtb_Sum9 +
ipos_module_PI_part DWork.DiscreteTimelntegrator DSTATE *
ipos_module_PI_part_U.Ki_Module_2 V;

if (ul>=10.0){

ul =10.0;

}else {

if (ul<=0.0){

ul=0.0;

}

}
rtb_Sum6 = ul - ipos_module_Pl_part_ U.Module_2_Current;

u_2 = ipos_module_PI_part U.Kp_Module_2_1* rtb_Sum6 +

ipos_module_Pl_part DWork.DiscreteTimelntegrator DSTATE_n *

ipos_module_PI_part_ U.Ki_Module_2_I;

if (uU_2>=0.95){

u_2=0.95;

}else {

if (u_2<=0.05){

u_2=0.05;

}

}

ipos_module_PI_part_Y.del2=u_2;

T LT

T IConverter 3 - Slave /[T

rtb_Sum10 = ipos_module_PI1_part_U.Load_V_output_ref/4 -

ipos_module_PI_part_U.Module_3_Voltage;

u2 = ipos_module_PI_part_ U.Kp_Module_3_V * rtb_Sum10 +

ipos_module_P1_part DWork.DiscreteTimelntegrator DSTATE *
ipos_module_PI1_part_U.Ki_Module_3_V;

if (u2>=10.0){

u2 =10.0;

}else {

if (u2<=0.0){

u2 =0.0;

}

}
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rtb_Sumll = u2 - ipos_module_PI_part_U.Module_2_Current;
u_3 =ipos_module_PI_part U.Kp_Module_3 | *rtb_Sum1l +
ipos_module_PI_part DWork.DiscreteTimelntegrator DSTATE_n *
ipos_module_PI_part U.Ki_Module_3 _I;

if (u_3>=0.95){

u_3=0.95;

}else {

if (u_3<=0.05) {

u_3=0.05;

}

}

ipos_module_PIl_part_Y.del3=u_3;
o

T Converter 4 - Master /[T

rtb_Suml2 = ipos_module_PI_part U.Load V_output_ref -
ipos_module_PI_part U.Module_Voltage;
X=ipos_module_PI1_part_ U.Kp_Module_V * (rtb_Sum12 - rtb_Sum12_2);
rtb_Sumi2_2 =rtb_Sum12;

u3 = X + ipos_module_PI_part U.Kd_Module_V * rtb_Sum12;
if (U3>=10.0){

u3 =10.0;

}else {

if (U3<=0.0){

u3 =0.0;

}

}

rtb_ Sum13=u3-u-ul-uz;

u_4 = ipos_module_PI_part U.Kp_Module_4 I *rtb_Sum13 +
ipos_module_PI_part DWork.DiscreteTimelntegrator DSTATE_n *
ipos_module_PI_part U.Ki_Module_4 _I;

if (u_4>=0.95){

u_4=0.95;

}else {

if (u_4<=0.05){

u_4=0.05;

}

}
ipos_module_PI_part_Y.del4 = u_4;

B.2 Fault Operation of IPOS Connected DC/DC Converter

T

I Fault Detection /TN

if (ipos_module Pl part U.Load V_output_ref/4.5 <= ipos_module Pl part U.Module_4 Voltage
<=ipos_module_PI_part U.Load V_output_ref/3.5) {
ipos_module_PIl_part_Y.dell =u_1;

ipos_module_PIl_part_Y.del2 =u_2;

ipos_module_PIl_part_Y.del3=u_3;

ipos_module_PI1_part_Y.del4 = u_4; //repeat the previous code for normal operation
}else {

it

T Converter 1 — New Master /1111111111

rtb_Sum8 = ipos_module_PI_part_ U.Load_V_output_ref -

ipos_module_PI_part U.Module_Voltage;

X =ipos_module_PI_part U.Kp_Module_V * (rtb_Sum8 - rtb_Sum8_2);
rtb_Sum8_2 =rtb_Sums;

u= X + X + ipos_module_PI_part_U.Kd_Module_V * rtb_Sum§;
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if (u>=10.0){

u=10.0;

}else {

if (u<=0.0){

u=0.0;

}

}

rtb_Sum7 =u - ul —u2;

u_1=ipos_module_PI_part U.Kp_Module_1 | *rtb_Sum7 +
ipos_module_P1_part DWork.DiscreteTimelntegrator DSTATE_c *
ipos_module_PI_part U.Ki_Module_1 I;

if (u_1>=0.95){

u_1=0.95;

}else {

if (u_1<=0.05){

u_1=0.05;

}

}

ipos_module_PI_part_Y.dell=u_1;
T

T IConverter 2 - Slave /[T

rtb_Sum9 = ipos_module_PI_part_U.Load_V_output_ref/3 -
ipos_module_PI_part U.Module_2_Voltage;

ul =ipos_module_PI_part U.Kp_Module_2_V * rtb_Sum9 +
ipos_module_PI_part DWork.DiscreteTimelntegrator DSTATE *
ipos_module_PI_part_U.Ki_Module_2 V;

if (ul>=10.0){

ul =10.0;

}else {

if (ul <=0.0){

ul=0.0;

}

}
rtb_Sum6 = ul - ipos_module_Pl_part U.Module_2_Current;

u_2 = ipos_module_PI_part U.Kp_Module_2_1* rtb_Sum6 +

ipos_module_PI_part DWork.DiscreteTimelntegrator DSTATE_n *

ipos_module_PI_part_U.Ki_Module_2_I;

if (u_2>=0.95){

u_2=0.95;

}else {

if (u_2<=0.05){

u_2=0.05;

}

}

ipos_module_PI_part_Y.del2 = u_2;

T T

[T IConverter 3 - Slave /T

rtb_Sum10 = ipos_module_PI1_part_U.Load_V_output_ref/3 -

ipos_module_PI_part_U.Module_3_Voltage;

u2 = ipos_module_PI_part U.Kp_Module_3_V * rtb_Sum10 +

ipos_module_P1_part DWork.DiscreteTimelntegrator DSTATE *
ipos_module_PI1_part_U.Ki_Module_3_V;

if (u2>=10.0){

u2 =10.0;

}else {

if (u2<=0.0){

u2 =0.0;

}
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rtb_Sumll = u2 - ipos_module_PI_part_U.Module_2_Current;
u_3 =ipos_module_PI_part U.Kp_Module_3 | *rtb_Sum1l +
ipos_module_PI_part DWork.DiscreteTimelntegrator DSTATE_n *
ipos_module_PI_part U.Ki_Module_3 _I;

if (u_3>=0.95){

u_3=0.95;

}else {

if (u_3<=0.05){

u_3=0.05;

}

}

ipos_module_PI_part_Y.del3=u_3;

}

B.3 Normal Operation of ISIPOS Connected DC/DC Converter

Module 1 is chosen as the example to explain the control algorithm.
T T
HIHHTTTINSIPOS proposed control scheme /1T

T T

I L oad voltage regulation/////1H1T

rtb_load = ISIPOS_controlled_PI_U.Load_ref -

ISIPOS_controlled P1_U.Load_real voltage;

d_total = ISIPOS_controlled_PI_U.Kp_Module_Load *

rtb_load + ISIPOS_controlled_PI_DWork.DiscreteTimelntegrator DSTATE_k *
ISIPOS_controlled_P1_U.Ki_Module_Load;

if (d_total >=0.975) {

d_total = 0.975;

}else {

if (d_total <= 0.025) {

d_total = 0.025;

¥

}

T

[T IModule 1 2 and 3 4 voltage sharing part///1111111/
rtb_voltage 1 3 = ISIPOS_controlled_PI_U.Module_1 Voltage 1 -
(ISIPOS_controlled PlI_U.Module_1 Voltage 1 +
ISIPOS_controlled_P1_U.Module_3 Voltage 1) * 0.5;
d_V_1=ISIPOS_controlled_Pl_U.Kp_Module_1 U *rtb_voltage 1 3
+ ISIPOS_controlled_PI_DWork.DiscreteTimelntegrator DSTATE_e *
ISIPOS_controlled_P1_U.Ki_Module_1 U;

if (d vV 1>=02){

dV_1=0.2;

}else {

if (d V 1<=-0.2){

dV 1=-02;

}

}

T T

[T IModule 1 output voltage sharing part///11111111

rtb_voltage_1 = ISIPOS_controlled_PI_U.Load_real_voltage/4- ISIPOS_controlled_PI_U.Module_1_
Voltage 2;

rtb_pi_1 2 =ISIPOS_controlled_PI_U.Kp_Module_1_V * rtb_voltage_1+
ISIPOS_controlled_P1_DWork.DiscreteTimelntegrator DSTATE *
ISIPOS_controlled_P1_U.Ki_Module_1_V;
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if (tb_ pi 1 2>=0.2){
rtb_ pi 1 2=0.2;

}else {

if (rtb_pi 1 2<=-0.2){
rtb_pi_ 1 2=-0.2;

}

}

T T

M Module 1 duty cycle//HTiii
ISIPOS_controlled_PI1_Y.phaseshift 1=d_V_1+d_total +rtb_pi_1 2;
if (ISIPOS_controlled_PI1_Y .phaseshift_1 >= 0.975) {
ISIPOS_controlled_P1_Y .phaseshift_1 =0.975;

}else {

if (ISIPOS_controlled_P1_Y.phaseshift_1 <= 0.025) {
ISIPOS_controlled PI_Y.phaseshift 1 =0.025;

}

}

B.4 Fault Operation of ISIPOS Connected DC/DC Converter

The control algorithm code for Module 3 is given as an example.
T

I Fault Detection /TN

if (ISIPOS_controlled_Pl_U.Load_real_voltage /4.5 <= ipos_module_PI_part_U.Module_4 Voltage
<= |SIPOS_controlled_PI_U.Load_real_voltage /3.5) {

/Irepeat the previous code for normal operation

}else {

o

[T IModule 3 4 and 1 2 voltage sharing part///11111111
rtb_voltage 3 1 = ISIPOS_controlled_PI_U.Module_1 Voltage 3 -
(ISIPOS_controlled P1_U.Module_1 Voltage 1 +
ISIPOS_controlled_P1_U.Module_3_Voltage_1) * 0.5;
d_V_3=1SIPOS_controlled PlI_U.Kp_Module_3 U *rtb_voltage 3 1
+ ISIPOS_controlled_PI_DWork.DiscreteTimelntegrator DSTATE_e *
ISIPOS_controlled_P1_U.Ki_Module_3_U;

if(d V 3>=0.2){

dV_3=02

}else {

if (d_V 3<=-0.2){

d_V_3=-02;

}

}

T

[T IModule 3 output voltage sharing part///11111111

rtb_voltage 3 = ISIPOS_controlled_PI_U.Load_real_voltage/2- ISIPOS_controlled_PI_U.Module_3
Voltage 2;

rtb_pi_3 4 = ISIPOS_controlled_PI_U.Kp_Module_3_V * rtb_voltage_3+
ISIPOS_controlled_P1_DWork.DiscreteTimelntegrator DSTATE *
ISIPOS_controlled_P1_U.Ki_Module_3_V;

if (rtb_pi_3_4>=0.2) {

rtb_pi_3 4=0.2;

}else {

if (rtb_pi_ 3 4<=-0.2) {

rtb_pi_3 4=-0.2;

}

¥
W T
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M Module 1 duty cycle//iiii

ISIPOS_controlled PI_Y.phaseshift 1=d_V_3 +d_total + rtb_pi_3 4;
if (ISIPOS_controlled_P1_Y.phaseshift_1 >=0.975) {
ISIPOS_controlled P1_Y.phaseshift_1 = 0.975;

}else {

if (ISIPOS_controlled_P1_Y.phaseshift_1 <= 0.025) {
ISIPOS_controlled_PI1_Y .phaseshift_1 = 0.025;

}

}

}
B.5 DAB Synchronous Rectification

e,

IIHTTTHTOpen loop synchronous rectification for DAB module at 50 kHz//11111111
void INTERRUPT (GPTAO0_SRN22INT) GPTAO_ViSRN22(void)
{

/l USER CODE BEGIN (SRN22,2)

/I USER CODE END

if(GPTAO0_SRSS2_LTCO01) /I LTC1 event (= compare with last timer)
{

GPTAO_SRSC2 = 0x00000002; // reset LTC1 service request bit
/l USER CODE BEGIN (SRN22,4)

X=42;

GPTAO_LTCXR10=5;

GPTAO_LTCXR11=98;

GPTAO_LTCXR12=197;

GPTAO_LTCXR13=98+5;

GPTAO_LTCXR14=5+x;

GPTAO_LTCXR15=95+x;

GPTAO_LTCXR16=Xx;

GPTAQ_LTCXR17=98+5+x;

GPTAO_LTCXR18=5;

GPTAO_LTCXR19=x;

GPTAO_LTCXR20=98+X;

GPTAO_LTCXR21=98+5;

GPTAO_LTCXR22=98+5;

GPTAQ_LTCXR23=98+x;

GPTAO_LTCXR24=x;

GPTAO_LTCXR25=5;

/I USER CODE END

}

/l USER CODE BEGIN (SRN22,8)

/I USER CODE END
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Recent studies have highlighted the potential benefits of DC collection networks.
However, achieving DC/DC conversion at the required voltage and power levels
presents a significant challenge for wind-turbine power electronics. This paper
proposes an alternative DC collection network based around a modular DC/DC
converter with input-parallel output-series (IPOS) connection. This modular topology
can overcome the limitations imposed by semiconductor voltage ratings and provides
fault-tolerant operation. Small-signal analysis of the converter is presented to be used
to facilitate controller design for the converter input and output stages. A new
master-slave control scheme and distributed voltage sharing controllers are proposed
that ensure power sharing under all operating conditions, including during failure of
a master module. This control scheme achieves fault-tolerant operation by allowing
the status of master module to be reallocated to any healthy module. The proposed
control scheme is validated using simulation and experimentation, considering active

power sharing between modules with parameter mismatch.

2. Yiging Lian, Grain Adam, Derrick Holliday, Stephen Finney, ‘Medium-
Voltage DC/DC Converter for Offshore Wind Collection Grid’, IET Renewable
Power Generation Journal, Volume 10, Issue 5, May 2016, p.651-660, doi:
10.1049/iet-rpg.2015.0376.

Abstract:

A novel modular DC/DC converter with input-series-input-parallel output-series
connection to realise a DC collection power network for large-scale wind farms is
presented. The proposed topology uses interconnection of multiple modular cells
with low rated voltage and power to enable operation with high voltage at the input
and output. Low rated power of individual modules in the proposed DC/DC
converter permits the use of a high-frequency ac link, resulting in a significant
reduction in transformer size and weight, which makes deployment of DC collection
networks in offshore wind farm applications more feasible and effective. In addition,
a robust control scheme is developed to ensure power sharing between practical
modules with parameter mismatch and during transient conditions. Small- and large-
signal analyses are performed in order to deduce the control structure for the

converter input and output stages. Simulation and experimental results demonstrate
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and validate the proposed converter and associated control scheme.

3. Yiqging Lian, Derrick Holliday, Stephen Finney, ‘Dual-Active Bridge
Converter with Input-Series-Input-Parallel Output-Series Connection’, in 8" IET
International Conference on Power Electronics, Machines and Drives, 2016,
accepted for publication.

Abstract:

The high-power bidirectional DC/DC converter is perceived as one of the key
enabling components of DC energy transfer and storage systems, and needs to be
designed for high reliability and efficiency. This paper proposes a new high-power
input-series-input-parallel  output-series (ISIPOS) connected modular DC/DC
converter, where the dual-active bridge (DAB) DC/DC converter is employed as the
basic module on the primary and secondary sides, with a control strategy that
enables power sharing between the modules under any steady-state and transient
conditions with mismatched components. In addition, fault tolerant operation is
presented. The viability and effectiveness of the proposed control method are
demonstrated using MATLAB simulation of power sharing performance and fault

tolerant operation.

4. Yiging Lian, Grain Adam, Derrick Holliday, Stephen Finney, ‘Modular
Input-Series-Input-Parallel Output-Series DC/DC Converter Control with Fault
Detection and Redundancy’, in IEEE Energy Conversion Congress and Exposition
(ECCE) Conference, Montreal, QC, 2015, pp. 3495-3501.

Abstract:

A novel high-power modular input-series-input-parallel output-series connected
DC/DC converter for medium voltage application is proposed. Emphasis has been
placed on power sharing control to compensate parameter mismatches and achieve
equal power distribution between modules. Converter control is extended to achieve
fault-tolerant operation by exploiting modularity to provide redundancy in the event
of any failure. The proposed control scheme is validated through application-level
simulations and scaled down experiments to testify the reliability of the proposed
control for ensuring power sharing between modules under a range of operating
conditions. The results validate the proposed converter and associated control

scheme indicating this to be a promising topology for high-power medium-voltage
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applications.

5. Yiging Lian, Grain Adam, Derrick Holliday, Stephen Finney, ‘Active Power
Sharing in Input-Series-Input-Parallel Output-Series Connected DC/DC Converters’,
in IEEE Applied Power Electronics Conference and Exposition (APEC) Conference,
Charlotte, NC, 2015, pp. 2790-2797.

Abstract:

A high-capacity DC/DC converter with novel input-series-input-parallel output-
series connection and with autonomous power sharing between modules is proposed.
The proposed scheme is well suited for large-scale wind farm DC collection
networks, as it avoids the charging current issues associated with its AC counterpart,
and offers lower losses and reduced size and weight when a medium- or high-
frequency transformer is used. Small-signal analysis is used to derive the control
structures for the converter input and output stages. The proposed control scheme is
validated through simulation and experimentation, including demonstration of

autonomous power sharing between modules under several operating conditions.

6. Yiqing Lian, Derrick Holliday, Stephen Finney, ‘Modular Input-parallel-
output-series DC/DC Converter Control with Fault Detection and Redundancy’, in
11™ IET International Conference on AC and DC Power Transmission, Birmingham
2015, pp. 1-8.

Abstract:

Large offshore wind farms will require an extensive sub-sea power network to
provide internal interconnection. Present solutions are based around conventional
medium-voltage AC architectures. This paper proposes an alternative DC collection
network based around modular DC/DC converters with input-parallel-output-series
(IPOS) connection. Small-signal analysis of the converter is presented, to assist in
control scheme development for the converter input and output stages. A Lyapunov
controller is embedded within the conventional output voltage sharing control loop.
A master-slave control scheme is proposed to ensure power sharing under a range of
operating conditions, and provides fault-tolerant operation since the status of

‘master’ can be reallocated in the event that the present ‘master’ module fails.
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7. Yiging Lian, Stephen Finney, ‘DC Collection Networks for Offshore
Generation’, in 2" IET Renewable Power Generation Conference (RPG 2013),
Beijing, 2013, pp. 1-4.

Abstract:

Onshore wind farms can now be regarded as a mature technology, capable of
providing increasing levels of clean energy. The development of offshore wind
technology will provide the ability to harness much larger wind energy resource.
Offshore wind arrays present many new challenges including the electrical power
system which provides the internal collection system and the connection to the on-
shore power network. For remote offshore wind farms, high voltage direct current
(HVDC) transmission will be required to transmit power from the wind farm to the
shore. The use of HVDC has the effect of decoupling the wind farms internal
collection network from the rest of the power grid, thereby removing the requirement
for a conventional alternating current (AC) network. This paper discusses the use of
a direct current (DC) collection system for offshore wind farms, with particulars
emphasis of DC-DC converter requirements. The proposed converter is validated by
the simulation model and the performances e.g. switching losses, conduction losses
are investigated.

8. Yiging Lian, Andrew Kenyon, David Pattison, Christos Tachtazis, Maria
Segovia-Garcia, Alison Cleary, Francis Quail, ‘Wind Turbine Gearbox Ice Sensing
and Condition Monitoring for Fault Prognosis and Diagnosis’, in International
Congress of Condition Monitoring and Diagnostic Engineering Management
(COMADEM), 2013.

Abstract:

The gearbox is seen as one of the most important assets of a wind turbine, so a major
concern is how to keep it running smoothly to maximise its service time and reduce
the cost. However, wind turbines are often located at remote locations where icing is
possible and likely, e.g. high altitudes or cold regions. This challenges the wind
turbine stability and causes a variety of problems. Furthermore, rapid expansion of
wind energy, along with high operation and maintenance costs, all lead to the need
for a condition monitoring system which can offer diagnostics of present condition

and prognostics of future condition to improve the reliability of wind turbine and
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reduce the cost of unscheduled maintenances and unexpected failures. The proposed
approach is demonstrated by using a Bayesian Belief Network and Dynamic
Bayesian Network under Labview and GeNIle respectively. The proposed procedure

is applied on a wind turbine gearbox model to show its feasibility.

9. Yiging Lian, Adam Stock, Bill Leithead, ‘Investigating the Effectiveness of
Implementation of Power Adjusting Controller on 2 MW Wind Turbine’, in 8th PhD
Seminar on Wind Energy in Europe, 2012.

Abstract:

The UK government has set a target 20 % of electricity generation from renewable
sources by 2020. Among various renewable technologies, the environmental benefits
and cost-competitiveness have driven the rapid expansion of wind power as a
significant green source in recent decades. However, there are certain characteristics
of the wind energy challenge today’s power system operation. For example, the
system inertia is linked to the synchronous generation to power system, due to
different electromechanical characteristics; this inherent link is not present in wind
turbine generation. In this study, a controller for 2 MW wind turbine which gives
more flexible operation is used to generate boosted power to provide synthetic inertia
and to limit the impact on frequency control of the power system. This paper
basically focuses on the study and implementation of the power adjusting controller
on 2 MW wind turbine model to analyse the effectiveness. A Simulink model is

developed in Matlab including the features of wind turbine, wind and controller.
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