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Abstract

In an offshore environment, the efficiency (1), the power density (p) and the power-
to-mass ratio () are of paramount importance in the design of wind energy conver-
sion systems (WECS). Indeed, the optimisation of these performance indices can
reduce investment costs, especially if most of the electrical conversion compon-
ents are located in the nacelle or tower of the wind turbine. This thesis describes a
simple procedure to calculate the 7, the p and the v of power converters via the cal-
culation of power losses, volume and mass of the main components of the WECS:
the power electronics valves, the magnetic components and the capacitors.

In the proposed method, the system is first characterised, then a set of figures
of merits are evaluated for a set of design parameters. Finally, a multi-objective
optimisation is performed and the Pareto concept is used to present the set of solu-
tions (for different sets of parameters) and the best trade-off for the performance
indicators is identified. The approach does not identify a unique solution; instead,
several solutions are obtained and other criteria can be used to choose the final
solution, thus giving freedom in the design process and flexibility in the final de-
cisions of conceptual design.

The proposed method is applied to different offshore WECS topologies to illustrate
the evaluation procedure. First, a well known topology used in AC-Grid connec-
ted wind turbines, the two level voltage source converter, is considered. Then, the
meta-parametrised approach and the fundamental component models described in
this thesis are used to compare six different WECS based on a medium frequency
transformer for a 10 MW WECS interfacing a permanent magnet synchronous gen-
erator suitable for offshore DC-grids. A modular approach in the power converter
is considered and the impact of the number of modules and variation in nominal
transformer frequency on performance indicators is studied.
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The proposed approach can be applied to identify key components/parameters to
optimise a standard solution, to quantify the impact of a new component techno-
logy on state-of-the-art solutions for a given application, or to determine, at least
in part, the best solutions for new applications regarding state-of-the-art converter
topologies, modulation strategies, component technologies and system parameters.
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Chapter 1

Introduction

Wind energy conversion systems (WECS) are being developed to meet demands
for higher efficiency (7, ‘eta’) and power density (p, ‘tho’) [3, 4, 5, 6, 1]. These
requirements can be satisfied through the use or development of new converter
topologies, modulation strategies, new semiconductor technologies and new ma-
terials in the magnetic or capacitive elements of the system. The improvement in
performance decreases over time following the establishment of the new concept
or technology. After the basic concept has been adopted, a significant gain in
performance can only be achieved by allocating the optimal values of design vari-
ables during the design process. Indeed, by analysing the influence of the compon-
ent parameters on the performance of the system, the development of components
may be adjusted to ensure optimal performance [7, 2].

One of the most important technological challenges related to the optimisation of
offshore WECS is the demand for higher 7 and p because the maximisation of
these two performance indices are two conflicting objectives. A high p implies a
compact solution. Here, the operational frequency of the converter plays an im-
portant role because an increase in the switching frequency allows the volume of
passive elements to be reduced and enables the use of a Medium Frequency Trans-
former (MFT) in the intermediate stages of the converter. However, an increase in
the operation frequency of the converter implies higher switching frequencies in
the power electronic components, which will generate higher switching losses and
therefore deteriorate the 7 of the system.

To define an optimal solution, first a complete model of the converter circuit must
established, including thermal and magnetic component models. This model may
be based on analytical equations, numerical simulations or a combination of both.
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Analytical models enable fast calculation but are more complicated and/or more
time consuming to develop. In addition, they cannot be easily adjusted to different
topologies or modulation schemes. Simulations are fairly flexible but may require
substantial computational effort, to the point of becoming a non-viable option. To
reduce the burden of the computation, meta-modelling can be considered. Basic-
ally, meta-modelling generates a simpler model that captures only the relationships
between the relevant input and output variables [8].

Based on a converter circuit model, multiple objectives ( e.g. 1 and p) can be op-
timised. This optimisation process makes good use of all degrees of freedom of a
design and can determine the sensitivity of the system’s performance based on the
n of the power semiconductors or properties of the magnetic core materials. Fur-
thermore, different topologies can be easily compared and inherent performance
limits can be identified [9, 10, 11].

This project presents a meta-parametrised meta-modelling method for the design
and evaluation of power electronics converters, which is applied to optimise the 7,
p and power-to-mass ratio (y, ‘gamma’) of the WECS in offshore Wind Turbines
(WTs). The use of the proposed meta-parametrised meta-modelling approach re-
duces the dimensionality of the problem such that several converter solutions can
be compared in the earliest stages of conceptual design. First, analytical and semi-
empirical approaches for the design of the main functional elements of a WECS
are described and arranged in a linear design process. A set of figures of merits are
then evaluated for a set of parameters and design variables and a multi-objective
optimisation is performed. The Pareto concept is used to present the set of solu-
tions (for different sets of parameters) with the best trade-off for the performance
indicators considered. Therefore, this approach does not produce a unique solu-
tion; instead, a set of solutions are obtained and other criteria can be used to choose
the final solution, thus giving freedom in the design process and flexibility in the
final decisions of conceptual design.

1.1 Objectives

The main objective of this thesis was to develop a design methodology and eval-
uation approach to optimise the p and n of a given WECS in offshore WTs. This
main objective can be broken down into several smaller objectives:

* To propose a model to evaluate the power losses, volume and mass of the
main components of a WECS. The considered elements of the system are:
Insulated Gate Bipolar Transistor (IGBT) based power electronic switches,
DC and AC bank capacitors, filter Inductors and MFT.
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* To detail a multi-domain design process of a WECS for a given topology
and modulation scheme.

* To adapt an optimisation methodology to the multi-domain design process
to determine the Pareto-Front of 7 and p for a given technology of WECS
suitable for offshore WTs.

* To compare different converter topologies to establish which one is most
suitable for offshore WECS.

* To identify the main parameters to be taken into account when designing off-
shore wind converters to improve the component oriented standard approach
for onshore turbine modelling and to optimise the operation performance
and stringent requirements such as size/weight and n for offshore installa-
tions.

1.2 Scope

This project is focused on the modelling and design of high power electronics sys-
tems and their application to WECS that interface WT generators in offshore wind
applications. The research in this thesis was developed in light of the need for a
method to evaluate power electronics converters at the earliest stage of conversion
system design. The engineering design process behind of production and market-
ing of commercial converter solutions is complex and involves multiple stages and
a lot of feedback; thus, it is impossible to cover all these stages in just one Ph.D.
thesis.

To delimit the scope of this thesis, let’s consider the basic engineering design pro-
cess flowchart presented in Figure 1.1. When a market need is expressed, the
process to develop a feasible solution goes from conceptual design (research and
exploration) to the detailed design (prototyping and testing). First, background re-
search (stage 2 in Figure 1.1) is done to identify past work, including existing solu-
tions to similar problems (e.g. power converter solutions implemented in onshore
wind applications are the most relevant solutions for offshore wind applications).
Then, in a third step, the minimum requirements for the solutions are established,
and the design criteria and constraints for the solution are decided upon.

When the basic operating conditions and main guidelines for the design have been
defined, possible solutions should be explored. In this stage, designers should try
as many possible solutions as they can, and compare the results of each one. Some
performance indices are taken into account during this comparison and the best
solutions are then chosen. The selected solutions are analysed in more detail and
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are then compared again to choose the best solution regarding the performance
indices considered in the application.

Following the identification of the best possible solution, the development phase
can begin (stage 6 in Figure 1.1), in which the system is analysed in detail based on
complex models of the converter. Here, the manufacturing specifications are iden-
tified and evaluated for each component of the system. A prototype of the solution
is then constructed, analysed and tested to determine whether the solution meets
the requirements of the application. If the solution satisfies the requirements, then
it progresses to the production and marketing stage, which ends with the solution
being made available to the final customer. If the solution does not meet the ap-
plication requirements, then based on results and data, the solution is redesigned
or the search of the solution is refined to find other alternatives. Steps 6 to 11 in
Figure 1.1 are recursive, implying an iterative process, which is time consuming.

From conceptual design to preliminary design, the modelling of the different pos-
sible solutions is intensified progressively. In the earliest stages of conceptual
design, the main objective is to explore various solutions while focusing on the di-
versification and not the intensification of the solution; therefore, the use of meta-
models at the conceptual design stage appears to be a smart choice. The focus of
this thesis is to provide an approach for the design and evaluation of power elec-
tronics system at the earliest phase of stage 4 in Figure 1.1, which implies the use
of a simpler model that captures only the relationships between the relevant input
and output variables, thus avoiding the complex and time-consuming design al-
gorithms for the power electronics components. The comparative analysis is based
on three performance indices, the power losses, volume and mass of the converter,
or similarly the 7, the p and the ~, which are defined in section 2.3.

1.3 Main contributions

The main contribution of this Ph.D thesis is the development of a systematic
method to search for the optimal parameters and design variables in the concep-
tual design of energy conversion systems comprising power electronic and mag-
netic components. In this thesis, a system model reduction (meta-modelling) is
performed by meta-parametrising the stage of conversion. This new knowledge
enables the search for an optimal design solution for multi-domain systems at an
early stage of the design process. By using this approach, a multi-domain design
method has been developed for an offshore WECS composed of several stages of
conversion with several domains (technologies) for AC and DC types of offshore
collection grid.

The conceptual design approach calculates the 7, the p and the y of offshore WECS
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by calculating the power losses, volume and mass of the main components of the
WECS. The performance indices are obtained for a set of design parameters and
constraints. Furthermore, this thesis proposes the use of the Pareto-Front as a
method to compare WECS by identifying their figures of merit.

In addition, the specific contributions of this thesis are:

* Comparative analysis of a WECS: The meta-parametrised approach and
the fundamental component models presented in this thesis, which are used
to evaluate the power losses, volume and mass of six different WECS based
on MFT, are also applied to perform a comparative study for a 10 MW
WECS with a permanent magnet synchronous generator (PMSG) suitable
for offshore DC-grids. A modular approach in the power converter is con-
sidered and it is shown how the number of modules and variation in trans-
former frequency affects the performance indicators.

* Meta-Parametrised Meta-Modelling Approach: This thesis describes a
simple procedure to calculate the 7, the p and the ~ of high power convert-
ers for offshore WTs via the calculation of power losses, volume and mass
of the main components of the WECS: the power electronics valves, the
magnetic components (AC and DC filter inductors), the capacitors (DC-link
capacitors and AC filter capacitors) and the MFT. A base topology known as
the two level voltage source converter (2L-VSC) is considered to illustrate
the evaluation procedure. The nominal 7, the p and the -y are obtained for
a set of design parameters and constraints. Furthermore, the n — p Pareto-
Front and the p — v Pareto-Front are considered to compare different design
parameters. Additionally, this thesis proposes the use of Pareto-Front as a
method to compare wind energy converters at the earliest stage of design.

» Switch valves: Power switch valves based on IGBT semiconductors have
been considered; however, the models can be easily extended to include
other types of semiconductor. Given that the models used include paramet-
ers to quantify how the connection of devices in parallel affects semicon-
ductor losses, low rating devices connected in parallel can be considered
to reach the required current rating. Furthermore, the main parameters of
the system are identified and the characterization of a semiconductor tech-
nology is proposed. These hybrid models enable the identification of the
most relevant semiconductor parameters in a given application and assign
them as an input/requirement for the development of future or new types of
semiconductor devices.

* Passive components: Models to evaluate the power losses, volume and
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mass of inductors and capacitors used in power electronics converters are
presented. These models are based on a meta-parametric approach of the
component technology, which enables iterative algorithms normally involved
in the design of these components to be avoided. The inductor models de-
veloped in these thesis have never been proposed before, and new lines of
research can be explored based on this idea.

* Medium frequency transformer: Although a reduced model to evaluate
the volume and mass of the MFT has not been presented, a reduced but
accurate design algorithm has been developed and validated against state-
of-the-art transformer designs reported in the literature.

1.4 List of publications

Journal papers

* R. Barrera-Cardenas and M. Molinas, “Comparative study of wind turbine
power converters based on medium frequency AC-link for offshore DC-
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* R. Barrera-Cardenas and M. Molinas, ‘“Multi-objective design of a modular
power converter based on medium frequency AC-link for offshore DC wind
park,” Energy Procedia, vol. 35, pp. 265-273, January, 2013. Reference
[13]

* R. Barrera-Cardenas and M. Molinas, “Optimal LQG controller for variable
speed wind turbine based on genetic algorithms,” Energy Procedia, vol. 20,
pp- 207-216, January, 2012. Reference [14]

* R. Barrera-Cardenas and M. Molinas, “A simple procedure to evaluate the
efficiency and power density of power conversion topologies for offshore
wind turbines,” Energy Procedia, vol. 24, pp. 202-211, January, 2012.
Reference [15]

Book chapters

* R. Barrera-Cardenas and M. Molinas; “Chapter 29: Modelling of Power
Electronic components for evaluation of efficiency, power density and power-
to-mass ratio of offshore wind power converters”, in the book “Offshore
wind farms: Technologies, design and operation”; Elsevier, Woodhead Pub-
lishing (in press).
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Poster/Oral presentations

* R. Barrera-Cardenas and M. Molinas, “Optimal Design of a Modular Power
Converter Based on Medium Frequency AC-Link for Offshore Wind Tur-
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shore Wind R&D conference, Trondheim, Norway 2015.

* R. Barrera-Cardenas and M. Molinas, “Analysis and design of an AC/DC
converter for offshore wind turbines”, oral presentation in EERA DeepWind’2014-
11th Deep Sea Offshore Wind R&D conference, Trondheim, Norway 2014.
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1.5 Outline of the thesis

The thesis is divided into three parts designed to address the stated problems. The
first part Background covers the introduction to the thesis with a short overview
and the main objectives, scope and contributions. In particular, this section con-
tains an introduction to the meta-parametrised meta-modelling approach, in which
the mathematical abstraction of the analysis of power electronics systems, the
Pareto-Front concept and the definition of considered performance indices are also
presented.

The second part Modelling of power electronic converter components describes
the modelling and parametrisation process performed to evaluate the power losses,
volume and mass of the main components of the power electronics converter: the
switch valves, the passive elements and the MFT.

The third and last part Application to offshore wind power converters

and Conclusion concerns the application of the proposed method and the compar-
ison of the different converter topologies and modulation strategies, along with the
conclusions of the accomplished work.

Each part is further divided into several chapters. This structure is outlined in
Figure 1.2 on the facing page.
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Chapter 2

Meta-parametrised
meta-modelling approach

2.1 Definition of the problem

This project is focused on the modelling and design of power electronics conver-
sion systems to interface WT generators in offshore wind applications. Generally,
in the design of power electronics systems, the choice of components values and
operating parameters depends mainly on experiments conducted by development
engineers and on earlier product designs. This design process can be supported
(and eventually replaced) by mathematical procedures to exploit fully the poten-
tial of a given technology. The methodology of this Ph.D. project is based on
mathematical modelling and the Pareto-Frontier as explained below.

The mathematical abstraction of power electronics systems presented in [2] is con-
sidered to describe this problem. Given the system specifications and operating
requirements

T_": {7'1, T2, .oy 7’1} (2.1)
e.g. input/output voltage, output power, maximum allowed current ripple, min-
imum power factor at nominal condition, overload factor, over-voltage factor and

inter alia, the goal in the design of power electronics systems is to assign values to
the free design parameters

T =A{x1, za, ..., T} (2.2)

15
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Figure 2.1: The mathematical abstraction of the design of power electronics systems [2].

e.g. circuit component values, operating parameters, turn ratio of the transformer,
switching frequency and inter alia, while taking into account design constants

k= {ki, kg, ..., km} (2.3)

e.g. the saturation flux density of magnetic material, maximum temperature in-
crease of magnetic materials and semiconductor devices, maximum blocking voltage
of available semiconductor technology and inter alia.

Each possible design solution is then defined by the multi-dimensional design
space (Z, k), and the performance of each design may be evaluated by calcu-

lating performance indices

pi = fi <f, E) (2.4)

e.g. 1, p, active mass, total cost and inter alia, in which the system specification
and converter behaviour are included as side conditions

9k (f K, F) —0 2.5)

hj (:E k) F) >0 (2.6)
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Figure 2.1 shows the design of a power electronics system as a mathematical prob-
lem, in which a multi-dimensional design space is mapped into a performance
space, defined by the performance indices (7, p). It can be noted that for a given
set of performance indices, the optimal design can be found by searching many
possible designs for the solution that maximizes the performance space.

2.2 Multi-objective optimization and Pareto-Front

In this context, multi-objective optimization is important because one solution
rarely provides the best result for every performance indicator [2]. For example,
Figure 2.2a and 2.2b show the typical behaviour of a semiconductor device regard-
ing power losses and the size of the filter passive components that is required to
fulfil harmonic limitation as a function of the switching frequency of the converter.

Typically, major losses originate from semiconductor devices and the main volume
from the passive components; therefore, the 17 and p (for illustration purpose only)
of this power converter can be roughly estimated based on Figure 2.2a and 2.2b,
as shown in Figure 2.2c. It is clear from Figure 2.2c that high  and high p in
power electronics converters are two conflicting objectives. To handle effectively
multi-objective solutions, the concepts of Pareto optimality and Pareto-Front were
considered. In this context, Pareto optimality can be defined as a state of allocation
of performance indices of the possible designs obtained by mapping a set from
the design space, in which it is impossible to improve one performance indicator
without making at least another worse off [22].

Following the initial allocation of performance indices, a change in the subspace
of design to produce a different allocation that makes at least one performance
index better off without making any other performance indices worse off is called a
Pareto improvement. When no further Pareto improvements can be done, the final
allocation is called the Pareto-Front or Pareto-Frontier [23]. By restricting their
attention to the set of performance indices in the design space within the Pareto-
Front, a designer can make a trade-off within this set, rather than considering the
full design space. Figure 2.3 shows a graphical definition of the concept explained
above.

2.3 The considered performance indices

In an offshore environment, the WECS must be designed to take into account not
only efficiency and reliability, but also size and weight, because expensive plat-
forms are required to support each new component. Therefore, the performance
indices 7, p and ~ are of paramount importance to reduce investment costs, espe-
cially if most of the electrical conversion components are going to be located in
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the nacelle or tower of the WT.

The efficiency (7, ‘eta’) of an electrical system is the ratio of power output and
power input (F;,), defined by equation (2.7). The power output can be expressed
as the difference between power input and the total losses of the WECS, which is
expressed by adding the individual losses Py, (;) of each element of the WECS
(e.g. power semiconductors and passive elements like inductors and capacitors).

_ Py — Z ]Dloss,(i)

5 x 100 Q2.7)

By contrast, the power density (p, ‘rho’) defined by equation (2.8), characterises
the degree of compactness of a WECS. Since the power output can be expressed as
a function of the power losses, the p is calculated by evaluating the total converter
volume and power losses of the system. The total converter volume (V ol7yq;) is
obtained by adding the individual volumes V ol ;) of the components and the use of
the Volptq; by active parts is characterized by the volume utilisation factor C'py/,
the value of which typically ranges between 0.5 and 0.7. [2]

Pout B Py — Z Ploss,(i)

= = 2.8)
P VOlTotal ﬁ E VOZ(Z) (

The WECS should be located in the nacelle, tower or pillar of the WT, so the
weight of the converter is also relevant for the comparison of different solutions.
The power-to-mass ratio (y, ‘gamma’) defined by equation (2.9), indicates the
heaviness of the WECS. Like the total converter volume, the total converter active
mass Wrotq is calculated by adding the individual masses ;) of the components.

_ Pt _ Py, — Z }Dloss,(i) 2.9)
WTotal Z W(z) ‘

v

One of the most important technological challenges related to the optimisation of
offshore WECS is the demand for high n and p; however, maximisation of these
performances indices are two conflicting objectives. A high p implies a compact
solution. The operational frequency of the converter can play an important role
here because an increase of switching frequency enables the volume of passive
elements to be reduced. However, higher frequencies in the power electronic semi-
conductors will generate higher switching losses and therefore deteriorate the 7 of
the system.
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Additionally, these performance indices are influenced by several parameters such
as the rated power, the switching frequency, the voltage level, the converter to-
pology, the modulation technique, the technology of each of the elements in the
converter (semiconductors, inductors, capacitors), and inter alia. A comprehensive
process of optimisation is necessary to find the most suitable solutions. Volume,
mass and power-loss models are necessary to evaluate the component scaling de-
pending on parameter variation.

To find the values of the free design parameters that produce the best design regard-
ing the given design objective (e.g. maximum 7, maximum p, minimum mass),
an automatic optimisation procedure must be performed [2]. The optimisation
procedure in this study is based on the complete model of the converter circuit in-
cluding multi-domain component models. This model could be based on analytical
equations, numerical simulations or a combination of both. Furthermore, a method
must be defined to calculate the performance indices of the design objective based
on design variables.

2.4 Main power electronic components

In this Ph.D. project, the above explained systematic methodology based on com-
ponents and sub-system modelling has been applied to evaluate the p, v and 1 of
the entire WECS. The system is characterised using a hybrid approach based on
empirical modelling, analytical equations, numerical simulation or a combination
of them depending on the availability of information and complexity of the power
electronics topologies and modulation schemes. First, the circuit electrical wave-
forms of the main components are obtained as a function of the circuit parameters.
This information and a set of design guidelines are then combined with empir-
ical modelling based on the properties of physical components and/or data-sheet
information provided by manufacturers to evaluate the power losses, volume and
mass of the system.

This process was carried out for key components in state-of-the-art and future
high power converters. Three main groups of components were identified: power
converter units with power semiconductor devices, passive components (inductors
and capacitors) and MFT. Power semiconductor valves based on IGBT devices
have been considered, and detailed models have been described to include para-
meters quantifying the effects of devices connected in parallel to reach the current
rating. State-of-the-art IGBT power modules have also been characterised. The in-
ductive and capacitive components were modelled based on commercial elements
(data-sheet information) and analytical formulations, which enables different tech-
nologies and materials to be considered while maintaining accuracy in the evalu-
ation of the performance indices. A simplified design process of MFT to estimate
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the performance indices has been developed, which takes into account the main
constraints and leaves a degree of freedom in the key design parameters.

2.5 Proposed component meta-modelling structure

To estimate accurately the volume/mass of power electronics components, a com-
plex design algorithm normally has to be run, which is time-consuming. Moreover,
power losses are component dependent, which means that some components are
more convenient for some topologies than others. The selection of components
depends on the specifications, operating requirements (') and the free design para-
meters (Z) of a given system. This selection determines some of the design con-
stants (E), and therefore equation (2.3) can be expressed as follows:

]z = [£Compa ENonComp (210)

where Ecomp are the design constants which are component dependent and k NonComp
are the design constants which are component independent. The component mod-
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elling structure proposed here provides a simple way to evaluate the component
design constants kcomp, Without running a complex algorithm or basing the selec-
tion of the component on the availability in the manufacturer’s catalogue.

Figure (2.4) shows the standard (Figure (2.4)a) and the proposed (Figure (2.4)b)
method for estimating the parameters of the components. The proposed estima-
tion is based on a parametric approach, which analyses a component database and
uses an empirical model based on physical properties to express the component
parameters or EComp as a function of 7 and Z. The database can be created from a
reference technology described in a manufacturer’s catalogue or from the paramet-
ric sweep of a component design algorithm. With these approaches, it is possible
to parametrise a component technology and therefore compare different technolo-
gies and their impact on converter topologies (e.g. different semiconductor types,
generations and/or manufacturers, magnetic core materials, inductor shapes and
inter alia).
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Chapter 3

Semiconductor and Switch Valves

Switch valves in power electronic converters are arrays of power semiconductor
devices (connected in parallel or in series) with a cooling system. Ideally, arrays of
low rating devices connected in parallel or in series are very efficient because of the
high 1 of low rating semiconductors. However, combinations of series and parallel
connections in semiconductors are rare in real-world applications; instead, high
rating devices are connected in parallel at the low-voltage side of the converter,
whereas at the high-voltage side, semiconductor devices are connected in series to
reach the required blocking voltage.

This chapter presents the models used to evaluate the power losses of a semicon-
ductor device and discusses how the connection of semiconductors in parallel or in
series influences these losses. In addition, this chapter discusses models to evalu-
ate the volume/mass of the valve and the cooling system based on the power losses
of the semiconductor module and its average thermal model. Finally, the para-
meters of the semiconductor are summarised for each model and examples of the
parameters for the most common power devices used in wind energy applications
are given.

3.1 Semiconductor power losses

The power semiconductors used in power converters are operated mostly as switches,
and take on two possible static states, conducting or blocking, and two possible
transition states, “turn-on action” and “turn-off action”. Each of these states gen-
erates one energy dissipation component, which heats the semiconductor and adds
to the total power dissipation of the switch. Figure 3.1 shows the simplified device
switching waveforms (voltage and current) and the power losses associated with
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Switching waveforms

Simplified power loss estimation

action action

Turn-off | Blocking | ! | Turn-on Conducting t

| Transition states | Static states

Figure 3.1: Possible states of a semiconductor power switch showing the simplified device
switching waveforms and an estimation of power loss.

each possible operation state of the power switch.
3.1.1 Conduction losses

Static losses are determined by the non-linear voltage-current characteristic of the
semiconductor device. A typical voltage-current characteristic of a power semi-
conductor device is shown in Figure 3.2. The two static states or regions can be
noted from Figure 3.2. The blocking state (vs,, < 0) has much smaller currents
than the nominal current of the device, whereas the conducting state (vg,, > 0) is
characterised by small voltages (compared with the nominal blocking voltage) for
currents smaller than maximum current of the device.
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Figure 3.2: Typical voltage-current characteristics of a semiconductor device

The instantaneous power losses of the semiconductor at static state can be calcu-
lated as the product of the device voltage (vg,,) and the device current (ig,,). When
the switch is in blocking state, the device has a very small current (thousands
or a million times smaller than the nominal current) for any voltage lower than
the nominal blocking voltage of the semiconductor device. In this case, blocking
losses only make up a small share of the total power dissipation and may thus be
neglected in power devices [24]. In fact, the voltage-current characteristic in the
blocking region is usually not reported by manufacturers of power semiconductor.

The voltage-current characteristic of the power device in conduction state is usu-
ally approximated by a linear relationship [25] and the forward on-state voltage of
the power semiconductor device can be expressed as a function of the instantan-
eous device current:

Vsw = Vswo + Rc + tsw 3.1

The parameters Vo (threshold voltage) and R (on-state resistance) can be cal-
culated using the data sheet for each device. As an example, the characteristic
describing the relationship between the voltage and current for both the IGBT and
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Figure 3.3: Current-voltage conduction characteristics of the power module Infineon
FZ1500R33HES3 for two junction temperatures (125 °C and 150 °C).

diode as given in the data sheet of the power module Infineon FZ1500R33HE3
[26] are shown in Figure 3.3. The voltage-current characteristic depends on the
junction temperature (7)) as shown in Figure 3.3, in which two different junc-
tion temperatures are considered for each device. A linear approximation is also
included for each curve.

To describe the temperature dependency of the curve, the parameters Vj,,o and
R can be made temperature-dependent. The order of the approximation depends
on the availability of curve data at different operating temperatures. Normally,
the data sheet includes data for two or three operating temperatures, so a linear
approximation can be made:

‘/;wO(I}) = ‘/stO . (1 + avswo (Tj - T]O)) (32)

Re(Tj) = Reoo - (1 + age - (Tj — Tjo)) (3.3)

where ay 4,0 and a g, are the temperature coefficient of threshold voltage and on-
state resistance, respectively, T is a fixed reference junction temperature, Vi,,00
and Ry are the threshold voltage and on-state resistance at temperature T’.
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When the voltage-current characteristic has been defined, the conduction losses
(P.ond) can be calculated as the product of the voltage across the device (vsy)
and the current that the device is conducting (¢s,,). The average dissipated power
resulting from conduction in each device in one period of time (7') is calculated as:

I e
Pcond = / (Usw . isw) dt = — / (‘/;wO(z}) + RC(T]) : isw)'isw'dt (34)
T 0 T 0

Assuming a constant operating junction temperature during the period 7, the equa-
tion can be simplified as follows:

Vawo (T T RA(T; T
Pcond = W / Tow * dt + C(;;AVG) / Zzw - dt (35)
0 0

Preond = Vawo(Tj,ave) - Lswava + Re(Tjave) - 12y rus (3.6)

where T oy is the average junction temperature, I, Av ¢ is the average current,
and I, ravs is the R.M.S current the device is conducting in a given period. The
values of I, av g and I, rys can be calculated based on the input/output current
of the converter and mainly depend on the converter topology, modulation strategy
and input/output power factor (examples of calculations are presented in part III
for different converter topologies and modulation strategies).

3.1.2 Switching losses

By contrast, the transition losses, also called switching losses (Pks,,), are calculated
based on the energy dissipated during commutation, sy o, and Eg,, o5 ¢ for turn
on and turn off, respectively. This commutation energy loss mainly depends on
the voltage in the switch device at moment before it is turned on (vg,y) or after
it is turned off (vsyq), the current through the switch device at moment after it is
turned on (74,,) or before it is turned off (¢4,), and the junction temperature of
the device (73). According to the data commonly reported in the data sheets of
the devices, the following model is proposed to calculate the commutation energy
loss:

Esw,on = Lisw0,on * (1 + agon (CT] - ,—TJO)) (37)

Est,cm = VUswb * (KEonO + KEon1 - tswa + KEon2 - Zgwa) (3.8)
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Figure 3.4: Example of the relationship between current and commutation energy loss
for the turn-on and turn-off action of the IGBT and diode of the power module Infineon
FZ1500R33HES3, as given in the data sheet.

Eswort = Esuwooff - (1 + aposs - (Tj — Tjo)) (3.9)

Est,off = Vswa * (KEoffO + KEoffl “lswb T KEofo : i?wb) (3.10)

where a oy, 0py is called the temperature coefficient of commutation energy loss
at turn on/off, T} is a fixed reference junction temperature, Eg,0 0n/07f 18 the
commutation energy loss at turn on/off and temperature 7o, and Kg(on/of f)0s
Kgonjoff)1s KE(on/of f)2 are the polynomial regression coefficients used to de-
scribe how the current depends on the commutation energy loss at turn on/off. All
these parameters can be calculated using the data sheet of the device.

As an example, the characteristic describing the relationship between commutation
energy loss and the current of the IGBT and diode as given in the data sheet of
the power module Infineon FZ1500R33HE3 [26] are shown in Figure 3.4. The
solid lines in Figure 3.4 show the 2nd order polynomial fitting curve as given
in equations (3.8) and (3.10). The commutation energy at turn on is not plotted
for the diode (right side of Figure 3.4). Manufacturers usually do not report this
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characteristic because the switching losses when the power diodes are turned on
are very small and therefore neglected.

When the model of commutation energy has been defined, the average switching
loss over a complete fundamental period (7)) may be determined by summing all
the commutations of the device during an interval of time and dividing by that
interval. The average switching loss for turn on and turn off can be expressed as:

1
Psw,on = T : Z Esw,on (31 1)
j=1
1 N
Pasoff =7 ) Bewors (3.12)
j=1

where N is the number of switching actions in a fundamental period 7, and can be
expressed as a function of the switching frequency (fs,) or the switching period

(Tsw),

T
Tsw

N =

=T fow (3.13)

When the switching frequency is equal to the fundamental period, only one switch-
ing action occurs in a fundamental period and equations (3.11) and (3.12) can be
expressed as:

Psw,on = fsw : Esw,on (314)

Psw,off = fsw : Esw,off (315)

For applications that have a much lower switching period than fundamental period,
the following approximation is possible based on Riemann integral:

T T N
/O Egy - dt - ;Ew (3.16)

and the switching losses for turn on (P, o,,) can be expressed as follows:
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1 N [T

Psw,on = T ' ? ’ /0 Esw,on - dt (317)
The operating junction temperature (1} 41/ G) can be assumed to be constant during
the period (7)), and the voltage in the switch device at the moment before it is
turned on (vg,p) can be approximated to the blocking voltage of the application
(Vag). Thus, the equation can be simplified by putting (3.7), (3.8) and (3.13) in
(3.17):

Est,on - ‘/bk : (KEonO + KEonl : Iswa,AVG + KEonQ . Igwa7RMS) (318)

Psw,on - fsw : Est,on ' (1 + apon (%,AVG - ,T]O)) (319)

where (5,4, av ) 1 the average value, and (4,4, rars) 18 the Root Mean Square
(RMS) value of the current through the switch device at the moment after it is
turned on.

A similar procedure can be applied to derive an expression for Py, o1 )

Eswoorf = Vi * (Kgoffo + Kpoff1 - Lswbava + Kpogsa - Ifwb,RMs) (3.20)

Psw,off = fsw : Est,off ’ (1 + QEoff - (,Tj7AVG - CT]O)) (321)

where I (45 AV ) 1s the average value, and [(4p rars) 1S the RMS value of the
current through the switch device at moment before it is turned off . The values
of [(swa,AvG)s L(swa,RMS)> L(swb,Ava) and L rars) can be calculated based on
the input/output current of the converter and they mainly depend on the converter
topology, modulation strategy and input/output power factor. Examples of calcu-
lations are presented in part III for different converter topologies and modulation
strategies.

3.2 Parallel connection of power modules

Offshore wind converters are required to manage high power ratings. If a low/medium
voltage feeds the converter, then a high current should be managed by the power
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>

Isw,2 Isw,1

Figure 3.5: Example of current imbalance given by the differences in the voltage-current
characteristics of two modules connected in parallel

switches. In this case, the parallel connection of semiconductor modules is con-
sidered to be the best option to fulfil the current requirements. The number of
modules connected in parallel (n,) has no limit [27]. However, parallel connec-
tion has some disadvantages, like current imbalance in the modules at static state
and transition state, which arise mainly because the modules connected do not
have identical properties.

The difference in the voltage-current characteristic of the modules is a major factor
contributing to current imbalances. The static voltage deviation (AVy,) of two
modules with the same production reference is given by small variations in the
properties of the modules resulting from the fabrication process or by junction tem-
perature differences between modules. Figure 3.5 shows how a difference in the
static characteristic of two semiconductors connected in parallel can cause current
imbalance. The average current in the parallel connection (I, 4y ) can be derived
using equation 3.1 to model the voltage-current characteristic of each module. For
the sake of simplicity, the threshold voltage is assumed to be equal for the modules
(Vswo,1 = Vswo,2)- Thus, I, oy G can be expressed by:
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3.22)

7 Lsw,1 (RC,1 + Rc,z)
p,AVG — :

2 Rco

where R.1 and R are the on-state resistance of each module. When R.; <
R. 2, module one has a higher current than module two (is,,1 > #sw,2) because
of the voltage deviation of the modules (AV,,). The maximum voltage deviation
(AVisw,mae) at maximum current (£, mqz) can be calculated from the data given in
the data sheet of the semiconductor module. Assuming that the deviation between
the modules is maximal, and using the same assumptions of equation 3.22, the
voltage deviation can be expressed by:

A‘/:ew,maz = (RC,Q - RC,l) : Isw,max (323)

The current imbalance rate (d¢ 1), which represents the ratio of shared current in
the parallel connection, is defined by:

- <I“”1 - 1> (3.24)
p,AVG

Using equations 3.22 and 3.23, the current imbalance rate can be expressed as a
function of the voltage deviation as follows:

Reoy1 — Re 2) AV
S = i i = 3.25)
ol <RC,1 + RC,2 (RC,l + RC,Q) : Isw,max (

Figure 3.6 shows examples of the representative relationship between deviation
voltage and current imbalance rate. Three IGBT power modules from the manufac-
turer Infineon, FZ750R65KE3 (6500Vx750A), FZ2400R17HP4 (1700Vx2400A),
and FZ1500R33HE3 (3300Vx1500A), are presented in Figure 3.6. As an example,
if two FZ1500R33HE3 semiconductor modules are connected in parallel and a
voltage deviation between the modules of 1 V is expected at maximum current,
then the current imbalance rate is 15%. In other words, this means that the current
through one of the switches is 15% higher than the average current of the paral-
lel connection. Therefore, it is necessary to decrease the total current (de-rating)
that the parallel connection may carry (sum of individual current ratings) to ensure
that the maximum current of any semiconductor in the parallel connection is never
exceeded.

The manufacturers of high power semiconductor devices recommend that the peak
current of a switch should not exceed 80% of the maximum current of the semi-
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Figure 3.6: Example of current imbalance ratio as a function of the voltage deviation for
three different IGBT modules from the manufacturer Infineon

conductor [27]. In line with this recommendation and taking into account the
current imbalance rate, when n,, modules are connected in parallel, the following
expression must be satisfied:

Ipsw < 1.6 - Iy - ny - Kecap (3.26)
1 (1 — 50])
kegn = — |1+ (n, —1) ———% 3.27)
oo Np (mp =1) (1+dcr) (

where I, is the peak current of the parallel connection, n,, is the number of semi-
conductor modules connected in parallel, I, is the nominal current of one semi-
conductor (normally half of the maximum current), do7 is the current imbalance
rate, and kg, is the de-rating factor. The de-rating factor (k.4 is the decrease of
the maximum total current that can be applied under the worst case conditions in
which n, — 1 modules are identical and the current imbalance is concentrated into
the module with the smallest on-state resistance [27].

An example of the de-rating factor as a function of the number of modules con-
nected in parallel for different voltage deviations is shown in Figure 3.7. Infineon
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FZ1500R33HE3 IGBT power modules are considered in Figure 3.7. As the num-
ber of modules connected in parallel increases, the de-rating factor decreases. Fur-
thermore, an increase in the voltage deviation results in a decrease in the de-rating
factor, because the current imbalance rate increases. For example, if six Infineon
FZ1500R33HE3 IGBT modules (/,, = 1500 A) are connected in parallel (n, = 6)
and a maximum voltage deviation of 1.2 V is expected (AVsy maz = 1.2V), then
the expected current imbalance rate in the parallel connection is 18% (as can be
noted from Figure 3.6) and a de-rating of 25% is needed (k.q, = 75%). In this
case, the peak current of the parallel connection (/4,,) should not exceed 10.8 kA
(following equation 3.26).

In addition, the current imbalance in the parallel connection should be taken into
account during the calculation of power losses because different currents in the
modules will generate different losses. Power losses in the parallel connection can
then be calculated by determining the power losses in a module with an equivalent
current and multiplying these losses by the number of modules connected in par-
allel. The equivalent current (I, ¢4) for the calculation of semiconductor power
losses can be estimated from equation 3.28, where I, 7ot 18 the total current of
the array of IGBT modules connected in parallel.

(s %)

: Isw,Total (328)
np

Isw,eq =

3.3 Series connection of power modules

When the required blocking voltage in the application is higher than the max-
imum blocking voltage of the available semiconductor modules, the connection of
the devices in series can be considered. However, series and parallel connections
are not usually combined in power semiconductors in real-world applications; in-
stead, high rating devices are connected in parallel at the low-voltage side of the
converter, and at the high-voltage side, the semiconductor devices are connected
in series to reach the required blocking voltage.

If the semiconductor devices are connected in series, then all the devices carry the
same current at conduction state, but there may be some differences in the forward
voltage of each device because of the non-identical voltage-current characteristics
of the modules. Furthermore, voltage imbalance between modules connected in
series may exist at blocking state for the same reason. Manufacturers normally do
not include the voltage-current characteristics at blocking state; thus, it is probably
not worthwhile to introduce the calculation for voltage imbalance. However, the
considered power loss models are proportional to the forward voltage and blocking
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Figure 3.7: Example of the de-rating factor k.q;, as a function of the number of parallel-
connected Infineon FZ1500R33HE3 power modules for different voltage deviations.

voltage; therefore, voltage imbalance can be neglected in the calculation of power
losses and the average blocking voltage (total voltage divided by number of devices
connected in series ng) can be used during the calculation.

To estimate the number of devices connected in series that are required for a spe-
cific application, and considering the application notes from the manufacturers
of semiconductors [28, 27], the following requirement must be satisfied (without
considering voltage imbalance for non-identical devices connected in series):

VP,max < n, and VDC’,maa}

k;vp . Vblock' kvdc . Vblock =M (3.29)
where Vp 4, 18 the maximum voltage amplitude to be blocked for the series con-
nection array, k,, is a safety factor for peak voltage (normally between 0.75 and
0.85), Vbc,maz is the maximum DC voltage of the array, k,q. is a safety factor
for DC voltage (normally between 0.6 and 0.7), and Vj;,. is the rated blocking
voltage of a single device. The safety factors k., and k,q. are used to ensure that
the rated blocking voltage is not exceeded by repetitive overshoot voltage spikes
that occur at the moment the device is turned off. These factors also guarantee that
the device is switched on its Safe Operating Area [29].
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Figure 3.8: Example of the relationship between aluminium structure volume and the
thermal resistance of the heat sink. The dashed lines show the fitting curve as given in
equation (3.32)

The minimum number of series-connected devices required to fulfil the aforemen-
tioned conditions can be calculated as follows:

VP,maw X VDC’,max } (3 30)

Nsmin = TMaX { )
kvp . V;)lock kvdc : ‘/block

3.4 Volume and mass of a switch valve

At each state of operation, semiconductor devices dissipate energy which heats the
semiconductor and adds to the total power dissipation of the switch. Therefore,
the maximum junction temperature (e.g. 1 maz = 125 °C or T}j ;pq. = 150 °C in
the newest high power modules) given by the manufacturer has to be obeyed at all
times during the operation of the converter and the use of an appropriate cooling
system becomes vital to avoid the destruction of the power switch.

A thermal model of the semiconductor device can be used to calculate the required
thermal resistance of the cooling system for the worse operating condition, and
then size and weight of the power switch with the cooling system can be estimated.
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Two main types of cooling system are used in high power applications: forced
air cooling and liquid cooling. However, only forced the air cooling system is
presented in this chapter.

The volume of a power switch valve (V 0lyq1y) is given by the number of power
devices connected in parallel (n,) or in series (n,), the semiconductor module
itself and by the module heat sink:

Volyaive = np - s - (Volmoa + Volpus) (3.31)

The volume of the semiconductor module (V 0l,,,,4) can be found in the data sheet
of the power module. The heat sink volume (Volgg) is given by the volume of
the aluminium/copper structure (V ol g4;) and the fan volume is (Vols,y,). The
volume of the aluminium/copper structure (V ol g4;) is inversely proportional to
the thermal resistance of the heat sink for a given fan velocity [30], and the fan
volume is proportional to the volume of the aluminium/copper structure. The
forced air heat sink is designed according to a fixed fan velocity, and using the
definition of thermal resistance (Ry, (K/W) = AT/ Pjyss), the following model
can be proposed:

Vol K ( 1 )KHSl K ( Floss,mod >KHSI (3.32)
olgsal = KHs0 - =Kuso |\ o .
ol 50 RthHS 50 A,THS,maac

Volfan = Kfano - (Volgrsa — K fang) ™o (3.33)

Where Ry, s is the required thermal resistance of the heat sink, AT g . is the
maximum allowable heat sink to ambient temperature difference, Pjogs moq 1 the
total power loss of the power module, and the parameters Kgso, Kps1, K fanos
Kfan1 and Kygy,9 are proportionality regression coefficients, the value of which
can be found by examining data from commercially available heat sinks and fans.

Figure 3.8 shows an example of the relationship between Volgygs, and thermal
resistance for the bonded fin heat sink series BF-XX from the manufacturer DAU.
Data for three different fan velocities are presented in Figure 3.8. The dashed lines
show the fitting curve as given by equation 3.32. The thermal resistance of a given
aluminium structure depends on fan velocity; therefore, the parameters K 5o and
Krs1 also depend on fan velocity. This is shown in Figure 3.9, which presents
variation in thermal resistance with fan velocity for four heat sink structures from
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Figure 3.9: Example of the relationship between the thermal resistance of the heat sink
and fan velocity.

Table 3.1: Calculated regression coefficients for the proposed volume model of the heat
sink aluminium structure at different fan velocities. The bonded fin heat sink BF-XX series
is from the manufacturer DAU.

Fan Velocity m/s | Kpsodm?® | Kps:

1 56.19¢-3 | 1.8311
3 21.72e-3 | 1.7415
5 16e78e-3 | 1.6539
10 9e322e-3 | 1.4321
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Figure 3.10: Example of the relationship between fan volume and aluminium structure
volume for the axial fan SKF-3XX series manufactured by SEMIKRON and the bonded
fin heat sink BF-XX series manufatured by DAU.. The solid line shows the fitting curve
as given in equation (3.33)

the DAU BF-XX series. Table 3.1 shows the calculated values of parameters K759
and K gg1 for different fan velocities.

An example of the correlation between fan volume and aluminium structure volume
is presented in Figure 3.10, in which the axial fan SKF-3XX series manufactured
by SEMIKRON and the bonded fin heat sink BF-XX series manufactured by DAU
are considered. The solid line in Figure 3.10 shows the fitting curve, which was
plotted according to the model proposed by equation 3.33. The calculated regres-
sion coefficients for the example presented in Figure 3.10 are K 4,0 = 0.1992,
K fan1 = 0.7467 and K pan2 = 0.1966 dm?.

The maximum allowable heat sink to ambient temperature difference, AT maa>
is calculated according to the average thermal analysis of the power module. For
example, if a power module composed of an IGBT and an anti-parallel diode is
considered, the average thermal model presented in Figure 3.11 can be used to
calculate AT'rg maz as follows:
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Figure 3.11: Average thermal model of an IGBT power module

ATHS,maa: + Tamb = KSFT ' Tj,mam - ATmod,max (334)
Pigp Piiod
ATmodmaac = max {Rth,igbt : ]V'ligt; Rth,diode . N'w = (335)
isxm isxm
Pigbt = Pcond,igbt + Psw,on,igbt + Psw,off,igbt (336)
Pdiode = Pcond,diode + Psw,off,diode (337)

where K grr is the safety factor of thermal design, 7, is the ambient temperat-
ure, Njszm is the number of internal IGBTs/Diodes per module, and Ry, ;45¢ and
Rip. diode are the junction-to-heat sink thermal resistance per IGBT and diode, re-
spectively. These latter values can be calculated by adding the junction-to-case
and the case-to-heat sink thermal resistances (R, ;o and Ry, in Figure 3.11) of
IGBT and diode, which are given in the data sheet of the power device. For mod-
ules connected in parallel, the highest current of the modules should be considered
when calculating P;g5¢ and Pg;oqe (also taking into account the current imbalance
rate, as described in equation 3.28).

To guarantee realistic heat sink designs, a constraint related to the minimum thermal
resistance (L2, 17.5,min) should be taken into account. This constraint can be defined
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as the maximum ratio between the volume of the heat sink structure and that of the
module (05 S maz = V0lrsai/V 0lmoed) beyond which equation 3.32 is no longer
valid (normally, 05 mae < 6). Thus, the temperature increase of a heat sink
with minimum thermal resistance should be lower or equal to the maximum al-
lowable heat sink to ambient temperature difference (from equation 3.34). This
establishes the maximum power that the module can dissipate in the heat sink

mounting without overheating itself, and can be expressed as follows:

RthHS,min : (Pigbt + Pdiode) < A,THS,maac (338)

1
Krso > KHS1

Rihp s min =
e 5H57maa: ' VOlmod

(3.39)

Given that conduction losses and switching losses depend on the junction temper-
ature, iteration may be needed to solve equation 3.34. Alternatively, equations 3.6,
3.7 and 3.9 can be set to be temperature-independent for the highest acceptable
junction temperature and the cooling system can be designed to keep the junc-
tion temperature below the highest assumed temperature. This assumption even
provides an inbuilt thermal safety margin [31] and is considered in the examples
presented in this thesis.

Finally, the mass of the valve can be expressed by the density and volume of each
element (power semiconductor module, heat sink and fan):

Massvalve =MNp-Ng - (pmod : VOlmod + pPHSal VOlHSal + Pfan * VOlfan)
(3.40)

The density values (pp,04. PHSal and prqp) can be calculated from the reference
data sheet for each element. For example, the power module Infineon FZ1500R33HE3
has a density value p,,0q = 1187.2 Kg/ m?>, and for the heat sink and fan con-
sidered in Figure 3.9 and Figure 3.10, the calculated density values are p, =
1366 K g/m? and pfan = 769.23 K g/m3, respectively.

3.5 Semiconductor parameters

The 1 and p of the converter are highly influenced by the type of semiconductor
device selected for the high power switch valve. Semiconductor devices that are
commonly used in high power converters include the Insulated Gate Bipolar Tran-
sistor (IGBT), the Integrated Gate Commutated Thyristor (IGCT) and the Injec-
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Figure 3.12: Dependence of on-state resistance R on the nominal current for Infineon
IGBT modules IGBT4 technology

tion Enhanced Gate Transistor (IEGT) [32]. The analysis of each type of semi-
conductor device is beyond the scope of this thesis, therefore, only switch valves
based on IGBT devices are considered in the applied examples presented in this
thesis. However, the models presented in this section can be adapted to any of the
three devices IGBT, IGCT or IEGT).

Table 3.2 summarises the semiconductor parameters needed to evaluate the switch
valve models presented in this chapter. This table also includes the values of these
parameters for three IGBT modules with different ratings: 1.7kV/3600A (Infineon
FZ3600R17KE3), 3.3kV/1500A (Infineon FZ1500R33HE3) and 6.5kV/750A (In-
fineon FZ750R65KE3). These three modules are taken into account in chapter 6
for the evaluation of the power losses, volume and mass of a B2B converter based
on two level voltage source topology.

In addition, 1.7 £V IGBT devices were selected to implement the power switches
in the comparative study of chapter 7 because the generator output voltage con-
sidered is 690 V and these components are widely available on the market [33].
The parameters of the Infineon IGBT module IGBT4 technology FZXXR17HP4
were used in the comparative study presented in chapter 7 of this research. Given
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Table 3.2: Semiconductor Parameters; IGBT modules manufatured by Infineon for three
different voltage ratings are considered.

Ratings (1700Vx3600A) (3300Vx1500A) (6500Vx750A)
General Reference FZ3600R17KE3 FZ1500R33HE3 FZ750R65KE3
Info. Volmoa [dm3] 1.0108 1.0108 1.2768
Mass [Kg] 1.5 1.2 1.4
IGBT DIODE IGBT DIODE IGBT DIODE
Vswo0 0.964 0.959 1.436 1.359 1.891 1.413
Cond. Ocvswo[é] -0.89¢-3 | -1.36e-3 | -0.237e-3 | -3.19¢-3 | 0.583e-3 | -1.82¢-3
losses Reo[ms2] 0.401 0.249 1.130 0.804 2.326 1.862
model ORe [%} 3.47e-3 2.54e-3 3.26e-3 0.62¢-3 3.18¢-3 1.34e-3
TjolC]* 125 150 125
Switching KEono [%’J] 0.158 — 0.4895 — 0.2346 —
ON losses KEgont [%] 6.36e-5 — 3.873e-5 — 1.3062e-3 —
model Kpgon2 [Vm—A]Q} 3.44e-8 — 4.626e-7 — 1.1187¢-6 —
QEon [%] 3.10e-3 — 2.7586e-3 — 3.5385e-3 —
Switching Kgofyo [mTJ] 0.037 0.328 0.116 0.314 0.021 0.185
OFF losses | Kpopsi| "’}j} 4.04e-4 | 3.34e-4 7.31e-4 7.28e-4 1.55e-3 1.12e-3
model Kgoggal &”AIQ ]| 773e9 | -2.68e-8 4.53e-8 -1.35e-7 1.45¢-8 -3.26e-7
anff[%} 3.28e-3 | 4.25e-3 2.44e-3 5.33e-3 1.429¢-3 5.33e-3
Parallel AVsw[V] 0.45 0.40 0.55 0.75 0.4 0.5
Connect. dcr[%] 18.48 28.72 19.36 26.16 12.95 21.81
Static RthJc[%} 6.3 14 7.35 13 8.7 18.5
thermal Rinculis) 8.7 19.5 10 11 8.8 14
model Niszm 3 3 3
T} maz[C] 125 150 125
Switch. ton,max [14S) 1.05 — 1.15 — 1.2 —
times™** tof fmaz [145] 2.1 0.88 3.85 1.73 8.1 2.67
at Ty max | fsw,maz[kHz] 4.96 — 4 2.97 — 2 1.67 = 1.5

*Reference temperature for all the temperature coefficients.
** Maximum switching frequency is calculated as the conduction time per
switching period is higher than 98%
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Figure 3.13: Dependence of the thermal resistance R;;, on the nominal current for Infin-
eon IGBT modules IGBT4 technology

that these parameters depend on the power rating of the IGBT module and that the
use of a high power semiconductor module in low power applications is not cost-
effective, the semiconductor power rating may be used as a design parameter to
determine the best semiconductor for each modular design. Therefore, the semi-
conductor parameters are modeled as a function of the power rating.

From the analysis of the parameters for Infineon 1.7 kV IGBTs, it can be seen that
the thermal resistance Ry, jgbt/diode @nd the on-state resistance Roo gbt/diode ar€
inversely proportional to the nominal current of the semiconductor as shown in
Figure 3.12 and Figure 3.13. The other parameters can be considered constant for
this type of technology. The following model can then be proposed:

K cond21

In + K cond20

Rco =
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Table 3.3: Parameter of the Semiconductor modules used in chapter 7

Parameter IGBT Module 1.7 kV | Power Diode | Bridge Diode
IGBT DIODE | Mod. 3.3kV Mod. 1.6 kV
Vw00 1.0828 0.9804 1.4383 0.75
Keonao1 1.4679 0.9702 1.1208 0.4186
Keondg2o | -5.38e-5 | -1.664e-4 0 -1.4e-3
Kpg-le7 (((‘)’?f)) i: ; (r) 4.08 | () 7.22 —
Timaz 150 °C 150 °C 150 °C 150 °C
KRint 28.8635 40.842 11 12.053 per mod.
KRrino 0.009 0.0084 0.0082 0.0267 per mod.

where I, is the nominal current of the IGBT module and the main parameters are
given in Table 3.3.

A maximum nominal current of 3600 A for the IGBT module is considered to be
the limit for the selected technology. The minimum number of modules connected
in parallel 1, 4y, 1s calculated according to 3.26.

By contrast, the full bridge diode rectifier, considered in chapter 7, is implemented
with power diodes for 3.3 kV applications. The parameters of the Infineon power
diode modules from the IGBT3 DDXXS33HES3 series have been considered. The
same analysis was performed for these devices and the parameters are shown in
Table 3.3.
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Chapter 4

Passive Elements

4.1 Filter inductors

4.1.1 Main constraints for the design of the inductor

The starting point for the design of an inductor is the stored energy relation (equa-
tion 4.1), defined by the inductance L, the inductor peak current (f 1), the RMS
current (I7,), the RMS current density (J1,), the peak flux density (Br,), the wind-
ing conductor fill factor (k,.), the winding window area (A,,) and the core area

(Acore) [34].

LIy -Ip, = ke Jr - Br - Aw - Acore 4.1

The product (A, - Acore) appears in equation 4.1. It indicates the core size and
is called area product. For a given core material, the peak flux density is lim-
ited by the saturation flux density (Bs4¢) of the core material. This resembles the
situation for the winding conductor, which physically limits the maximum current
density (Jinqee) of the inductor winding. Moreover, if a conductor type and core
type are fixed for the inductor design, the winding conductor fill factor becomes
approximately a design constant.

When the total size of the inductor is reduced by targeting some given electrical
parameters like inductance and current, the design of the inductor should enable
the peak flux density and current density to be pushed as close as possible to the
physical limits and thermal constraints, because the product Jy, - By, is inversely
proportional to the winding area and the core area. The minimum area product for
a given set of constraints can then be written as follows:

49
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Figure 4.1: Example of inductor Volume and product (L - I?) relationship for three dif-
ferent inductor technologies manufactured by Siemens. The three-phase reactor series
4EUXX with a Cu or Al winding conductor, and the DC iron core smoothing reactor
series 4ETXX with a Cu winding are considered.

L-I;-1
Ay Acore x —E L By L 12 4.2)
Jmax : Bsat

4.1.2 Size modelling

Geometrically, the area product is also related to the volume of the inductor by
[34]:

Aw - Acore o Vol !* (4.3)

Combining equations 4.2 and 4.3, the inductor volume can be expressed as:

Vol o (L-12)"* (4.4)

Then, if the same inductor design technology is maintained (core material, con-
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ductor type, core geometry) for different inductance values and current require-
ments, the overall inductor volume and inductor total mass can be predicted by:

Vol = Kyo- (L-13)5V9 (4.5)

Mass;, = K,ro - (VOZL)Kle (4.6)

where Kv o, Kvpi, Kyro, and K, are proportionality regression coefficients
found by taking data from reference inductor technology. Figure 4.1 presents the
relationship between the inductor volume and the product L - I % for three different
inductor technologies manufactured by Siemens: the three-phase reactor series
4EUXX (with a Cu or Al winding conductor), and the DC iron core smoothing
reactor series 4ETXX (with a Cu winding conductor). The lines in Figure 4.1
show the calculated model based on equation 4.5 for each family of considered
inductors. Figure 4.2 displays the total mass against the overall volume for the
same families of inductors considered in Figure 4.1. The calculated models based
on equation 4.6 are also included in Figure 4.2. The calculated parameters of the
size and mass models for the inductors considered in Figure 4.1 and Figure 4.2 are
presented in Table 4.1.

41.3 Winding losses

The inductor power losses (Pr,) are divided into winding and core losses. To es-
timate winding and core losses in the inductor, the concept of loss power density
in the winding and core is used [33]. The winding power loss density (p,,;) can
be expressed by

dPyr,

— f— . . . 2
- dVOle *pwc kwc Fr JL (47)

PwL

where p,. is the resistivity of the winding conductor material, and F;. is a factor
that relates DC resistance to AC resistance which accounts for all the high fre-
quency effects and eddy current losses in winding (skin and proximity effects).
For conductor diameters lower than the skin depth diameter and for a high number
of strands (/N5 > 25), the factor F;. can be approximated by [35, 36]:

Pia er'ﬂ—'MO'Kla er'feff 2 4
FT:1+( Y Y > - Ny - d (4.8)
12+ pue
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Figure 4.2: Total Mass of the inductor against its overall volume. Three inductor techno-
logies from the manufacturer Siemens are plotted: The three-phase reactor series 4EUXX
with a Cu or Al winding conductor, and the DC iron core smoothing reactor series 4ETXX
with a Cu winding conductor.
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Table 4.1: Parameters of the Inductor model; Inductor technologies from the manufactur-
ers Siemens and CWS are considered: The three-phase reactor series 4EUXX with a Cu
or Al winding conductor, the AC nano-crystalline inductor TPC series from CWS, and the
DC iron core smoothing reactor series 4ETXX with a Cu winding conductor.

Parameter 3-AC Inductors ‘ DC-Inductors AC-Inductor
Reference series 4EUXX ‘ series 4dETXX series TPC
Manufacturer Siemens CWS
Conductor Copper Aluminium Copper Copper
Core material | Power Iron | Power Iron Power Iron | Nano-crystalline
Kyvro 3.4353e-3 | 2.2818e-3 0.60434e-3 4.96e-4
Ky 0.6865 0.82494 0.80946 0.5192
K,ro 4129.2244 | 2276.9539 2797.6215 805.3
K, 1.0768 0.94879 0.99314 0.87
K w0 9412.0118 | 6005.6682 10874.8628 1.26e5
K 0.85361 0.75117 0.82048 1.072
JLres 50 50 50 500
K,co 8242.2998 | 8805.6895 493.0059 1.401e4
K,c1 0.99926 0.97691 1.0349 0.831
aj, 1.1 1.1 1.1 1.53
1579 2.0 2.0 2.0 1.52
5iLref — — 0.3 —
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Figure 4.3: Typical inductor current waveform in power converter applications and its de-
composition into the two main components: the fundamental component and the harmonic
component.

where pjqy e, is the number of winding layers, K., is the layer utilization factor,
and d is the diameter of the conductor. f.ry is an effective frequency for a non-
sinusoidal current waveform (that takes into account harmonic effects in losses)
[35], and can be estimated using equation 4.9, where I; is the RMS amplitude of
the Fourier component at frequency w;.

w? a
9. . feff— \/Z] 0...00 j _ 'I"mS{dtI(t)} (49)

> im0..00 17 Trms

All the parameters (except f. ) in equation 4.8 are design parameters and they are
defined when the winding conductor is designed; therefore, for a given inductor,
equation 4.8 can be expressed as:

Fo=1+kp - f2; (4.10)

where kp, is constant for a given inductor. When the optimal strand diameter
is chosen for a given number of strands, the factor F, can be minimized, and
its minimum value is £, = 4/3 [37]. However, the winding design is normally
limited by many factors and realistic values of F}. can range from 1.5 to 2 [35].

Given that the main use of the inductors in power converters is to limit the peak-to-
peak ripple current (/A1) by filtering the current, the inductor current is expected
to have harmonic components, which cannot be neglected during the calculation
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of winding losses. Figure 4.3 shows the typical inductor current waveform in
power converter applications and its decomposition into the two main components:
a fundamental component (i7;) and a ripple component (i;). To simplify the
calculations, the ripple current is approximated to a triangular waveform with a
maximum amplitude equal to the maximum current ripple.

Thus, the inductor winding losses (P, 1,) can be calculated with the winding volume
(Voly 1) and inductor current components by equation 4.7:

PwLh
Pwii

Pyr = (pwr1 + pwrn) - Volwr = (1 + > “Pwr1 - Volyr (4.1D)

where p,, 11 and p,, 1., are the winding power loss density given by the fundamental
and ripple component of the current, respectively. The ratio p,,rn/pwr1 is equal
to:

pwrh  Fr(frn) - I3,

= 4.12)
PwL1 E, (le) le

where fr is the fundamental frequency, f1 is the effective frequency of current
ripple component, and Jr; and Jr; are the RMS current density of the funda-
mental and ripple components of the inductor current, respectively. If the ripple
current is approximated to be a triangular waveform with the same frequency as
the switching frequency (fs,,) of the converter and a maximum amplitude equal to
the maximum current ripple (21zr/2) (see Figure 4.3), the effective frequency of
current ripple component can be calculated using equation 4.9:

TmS{%iLh(t)}: 2- Al fow _2V3
2-7m-Ipp 2-m-Nlpp/(2V3) 7

th = : fsw (413)

If the winding design is suitable, then F,, = 3/2 at fundamental frequency and
the constant kr, can be calculated from equation 4.10. Furthermore, the ratio of
current densities in equation 4.12 is proportional to the ratio of ripple current to
fundamental current; therefore, equation 4.12 can be simplified to (using equations
4.10 and 4.13):

port (L4 kee- f1h) 17 3.7 \fn

PwLh _ (1+krr - f7) 17, _ <2+ 4 <f5w>2> . (%) (4.14)
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AILh

0i, = —F—=— (4.15)
V21

where J;;, is the ratio of peak-to-peak current ripple to maximum fundamental

current. Then equation 4.11 is reduced to:

2 4 (fw\\ (9
1+ (3 + 2 : (;1,1) ) : (EL)] “pwr1 - Volyr (4.16)

To express equation 4.16 as a function of the parameters of reference inductor
technology, as was done for the overall inductor volume and mass (using equations
4.5 and 4.6, respectively), first, the winding volume (V ol,,;) can be assumed to
depend on overall volume (V olr), and the winding losses can be expressed by:

PwL:

Py = pwr - Vol = prO . (VolL)prl “4.17)

where K 0, and K ;1 are proportionality regression coefficients found by taking
data from reference inductor technology. The winding volume in equation 4.16
can then be replaced, using equation 4.17, as follows:

2 4 ([ fa)® 6%\ | pwrr K
1 2.2 %L . K- (Volp Y Kevt (4.1
* <3 + 2 (fL1> ) ( 6 ) pore 7 (Volr) (4.18)

where p,, 1« 1S the reference power loss density for reference inductor technology.
Assuming that p,, 7+ is given for a reference frequency (fr,.r), and that the wind-
ing design has been optimized for that particular reference frequency (F, = 3/2 at
reference frequency), the ratio (Pwz1/p,r.) can be simplified as follows (assuming
constant nominal current density):

PwL:

(4.19)

pwrt  (L+Er - f7) Jh _ 2 1 <le>2
PwLx (1 + ks f[%ref) ‘]LQ/Tef 3 3

3 fLref

Finally, the winding losses can be expressed as a function of the electrical and
reference inductor technology parameters, as follows:
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Figure 4.4: Example of relationship between inductor winding losses and overall volume
for three different inductor technologies from the manufacturer Siemens. The three-phase
reactor series 4EUXX with a Cu or Al winding conductor, and the DC iron core smoothing
reactor series 4ETXX with a Cu winding conductor are considered

PwL:

K - (Vol) ot

2 4 fsw 2 6z2L 2f[2/ref+fz1
” (3 T (m) ) (a)] | [wgref

Figure 4.4 presents the relationship between the inductor winding losses and total
volume (expressed by equation 4.20) for three different inductor technologies from
the manufacturer Siemens: the three-phase reactor series 4EUXX (with a Cu or Al
winding conductor), and the DC iron core smoothing reactor series 4ETXX (with
a Cu winding conductor). The lines in Figure 4.4 show the calculated model based
on equation 4.20 for each family of inductor. The parameters calculated for the
inductors considered in Figure 4.4 are presented in Table 4.1.

(4.20)

It should be noted that equation 4.20 is valid for an inductor current with a fun-
damental component that differs from the DC component (f7; > 0). When the
DC current is the main component of the inductor current, the above procedure
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can be modified to determine the winding losses. In this case, assuming that the
winding design is optimized for low frequencies with an effective frequency of
fro < 50 Hz, and noting that equation 4.19 becomes equal to one for the DC
inductors, the following expression can be derived:

2 2
o (1 - WE (?:0) ) . <(5112L>] + Kpwo - (Volp) et (4.21)

4.1.4 Core losses

PwL:

The core power loss density (p.r,) can be approximated using the empirical Stein-
metz equation:

choreL B8
WWolyy, — Teore Jegp  Br (422)

PeL

where K .ore, oy, and (37, are the usual Steinmetz coefficients, which are related
to the material of the core , By, is the peak flux density, and f,; is the effective
frequency as defined in equation 4.9. Given that the superposition principle can be
not applied in this case, an effective frequency should be calculated that accounts
for all the components of the flux density, which is related to the peak flux density
of the inductor.

The inductor current has two main components, the fundamental component (/1)
and the ripple component (I1;) (as shown in Figure 4.3), and the flux density is
proportional to the inductor current for flux densities lower than saturation flux
(which is the case under normal operation); therefore, the flux density in the in-
ductor core can be approximated by two main components, the fundamental flux
density and the ripple flux density, which are proportional to the fundamental and
ripple current, respectively. The peak flux density can thus be expressed by:

M; Lh _ (1 + ABM) - By, (4.23)

B; =B
L 1+ 9 B

where By is the fundamental peak flux density (By; V2 - I11) and AByy, is
the peak to peak ripple flux density (ABy;, o< Alpy). The ratio 2BLn/By, can be
simplified as follows (using equation 4.15):

ABp, Al
Bra V21,

= 6L (4.24)
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Equation 4.23 can then be expressed as:

By, = <1 + 5’;) - B (4.25)

By contrast, the effective frequency can be calculated using equation 4.9, as fol-
lows:

IQ . f2 + IQ 'f2
f = \/ L1 L1 Lh Lh (426)
‘ Ity + 13

The ripple component can be expressed as a function of the fundamental compon-
ent using equation 4.15, as follows:

ANl V66 -1
I, = = 4.27
Lh =5 3 6 (4.27)

Equation 4.26 can then be simplified using equations 4.13, 4.15 and 4.27, as fol-
lows:

1
f (U 2) f —6+( i) (4.28)
1= = Jo :
‘ 2, (1 N 5?) 6+ 067,

The inductor core losses (P,.<1,) can be calculated with the core volume (V ol.oe1,)
and the core power loss density (p.z,). Using equations 4.22, 4.25 and .4.28, the
following expressions are obtained:

PcoreL = PeL - VOlcoreL = Kcore : (S}Lf : BgL : VOlcoreL

‘L

2
6+ (&Lfsw) ) BL
i ir,
PcoreL = Kcore : ﬁ gf ’ <1 + ;) Bfﬁ ’ VOZCOT@L
i

PerL1 = Kcore : glL : ngi (429)
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5t )\ 2\

6.+ (%44=) A

—_— T 7 B pert - Voleore 4.30
6+ 0% <+ > Per1 * Voleorer (4.30)

PcoreL = 9

To express equation 4.30 as a function of the parameters of a reference inductor
technology, as was done for winding losses, the core volume (V ol.yrcr) can be
assumed to depend on the overall volume (Vol;). The core losses can thus be
expressed by:

PcoreL = PcL - VOlcoreL = KpcO : (VOZL)KPCI (431)

where K., and K. are proportionality regression coefficients found by taking
data from reference inductor technology. Core volume in equation 4.30 can then
be replaced, using equation 4.31, as follows:

6+ <§iLfsw>2 QTL 6 K
fr1 ] < 51‘L> v P LI'KPCO : (VOZL) pel
6 + 512L ‘ PeLx

Poprer, = (4.32)

where p.r« is the reference power loss density for reference inductor technology.
Assuming that p.r. is given for a reference frequency (fr,.r) and a reference
flux density (Br,ef), and that the inductor has been designed to minimize losses
according to the optimum flux density method presented in [38], the reference
frequency and flux density are related as follows:

fgrLe—;z ’ Bgiet? = KLopt* (4.33)

where Ko+ 1s a constant given by the inductor design parameters. Reference
inductor technology is then used to design an inductor for a f71 higher than f7,.;.
The fundamental flux density should be varied according to equation 4.33, such
that:

Jures \** _ (B ) 34)
fr1 Brref '
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then the ratio rcz1/p.... can be simplified as follows:

PeL1 _ < fr1 )O‘L. < Br >6L: < fr1 >2'(aL_ﬂL) 4.35)
PeLx fLref BLref fLref .
However, if f7,; is lower than f7,.y, the fundamental flux density is assumed to be

constant (because of magnetic saturation). The ratio PcL1/p.;. can then be simpli-
fied as follows:

ar
PeL1 _ < fr1 ) 4.36)
PeLx fLref

If the DC current is the main component of the inductor current, the above proced-
ure can be modified to calculate the core losses. In this case, it should be noted that
the DC component does not produce core losses; therefore, the reference data is
given for the ratio of peak-to-peak current ripple to maximum DC current (J; 7, )
and a reference ripple frequency (f7,r). The following expression can then be
derived:

L ) Br
PcoreL == (2\/>3f8w> : < 5ZL > 'KPCO : (VvOZL)I(pCl (437)

. fLref 5iLref

Figure 4.5 shows the relationship between the inductor core losses and total volume
for three different inductor technologies from the manufacturer Siemens: the three-
phase reactor series 4EUXX (with a Cu or Al winding conductor), and the DC iron
core smoothing reactor series 4ETXX (with a Cu winding conductor). The lines
in Figure 4.5 show the calculated model based on equation 4.31 for each family
of considered inductors. The parameters calculated for the inductors considered in
Figure 4.5 are presented in Table 4.1.

4.2 Filter capacitors
4.2.1 Size modelling

Almost all conventional capacitors used in high power wind converter applications,
are constructed based on the structure of plate capacitors. In a plate capacitor, the
capacitance (C) increases with the area of the plates (Ap¢) and with the permit-
tivity (¢) of the dielectric material, and decreases with the distance between the
plates (dpc). This relationship is expressed by equation 4.38.
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Figure 4.5: Example of inductor core losses and overall volume relationship for three
different inductor technologies from the manufacturer Siemens. The three-phase reactor
series 4EUXX with a Cu or Al winding conductor, and the DC iron core smoothing reactor
series 4ETXX with a Cu winding conductor are considered.
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C:5'APC’

4.38
dpc (438)

The voltage applied between plates is limited by the distance between them and the
properties of the dielectric material (the breakdown electric strength, Epg). When
an increase in the rated voltage (Von) of the capacitor is desired, the distance
between the plates must be increased to avoid dielectric breakdown. This relation-
ship is expressed by equation 4.39, which assumes a uniform voltage distribution
in the dielectric material.

Von o« dpc - Epq (4.39)

The volume of a plate capacitor (Volpc) is proportional to the area of the plates
and the distance between them. Taking into account equations 4.38 and 4.39, it
can be shown that the volume of a plate capacitor is proportional to its capacitance
and the square of its rated voltage, as follows:

.d 2
Volpe o Apc - dpo = (C PC) -dpc ¢ (VCN> (4.40)
€ € Epq

If the same capacitor technology is maintained (dielectric material, fabrication
process, and geometry) for different capacitance values and rated voltage require-
ments, the overall capacitor volume and capacitor total mass can be predicted by:

Volc = Kyco - Cfver . yfve: (4.41)

Massc = Kpco - (Volg) (4.42)

where Ky co, Kvcei, Kvez, Kpyco, and K¢ are proportionality regression coef-
ficients found by taking data from reference capacitor technology. Figure 4.6
shows the relationship between the volume of the capacitor and its capacitance for
different voltage ratings and different capacitor technologies: Figure 4.6a. shows
the DC link capacitor series MKP-B256xx from the manufacturer TDK, Figure
4.6b. shows the DC link capacitor series LNK-M3xx1 from the manufacturer
ICAR, Figure 4.6¢c. shows the AC filter capacitor series MKP B3236x from TDK,
and Figure 4.6d. shows the AC filter capacitor series MKV-E1x from ICAR. The
lines in Figure 4.6 plot the calculated model based on equation 4.41 for each family
of considered capacitors.
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a) DC-Series MKP-B256XX, TDK c) AC-Series MKP B3236XX, TDK
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b) DC-Series LNK—M3XX1 ICAR d) AC-Series MKV-E1X, ICAR
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Figure 4.6: Film capacitor volume vs. capacitance for different voltage ratings and capa-
citor technologies: a) the DC link capacitor series MKP-B256xx manufactured by TDK;
b) the DC link capacitor series LNK-M3xx1 manufactured by ICAR; c) the AC filter ca-
pacitor series MKP B3236 from TDK; d) the AC filter capacitor series MKV-E1x from
ICAR. The dashed lines show the fitting curves as given in equation 4.41
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Figure 4.7: Film capacitor mass vs. overall volume for the capacitor technologies con-
sidered in Figure 4.6. The solid lines show the fitting curves as given in equation 4.42

By contrast, Figure 4.7 displays the total mass against the overall volume for the
same families of capacitors considered in Figure 4.6. The calculated models based
on equation 4.42 are also included in Figure 4.7. The calculated parameters of the
size and mass models for the capacitors considered in Figure 4.6 and Figure 4.7
are presented in Table 4.2.

4.2.2 Capacitor dielectric Losses

The capacitor losses (FP¢) are modelled by adding the dielectric losses (P-¢) and
the resistive losses (Ppc). The dielectric losses can be calculated by [39]

P =1 fo-C-tan () - Ve (4.43)

where Vg is the maximum amplitude of the alternating voltage applied to ca-
pacitor with effective frequency f., and tan(dg) is the dissipation factor of the
dielectric. Normally, the dielectric dissipation factor depends on the dielectric ma-
terial of the capacitor and can be considered to be constant for all capacitors in
their normal working frequency range. For example, the typical value of the dis-
sipation factor for polypropylene is 2e-4, which is the dielectric of the capacitors
considered in Figure 4.6 and Figure 4.7.
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Table 4.2: Parameters of various models of capacitor: DC and AC capacitor technologies
from the manufacturers TDK and ICAR are considered.

Parameter DC Capacitors AC capacitors
Manufacturer TDK ICAR TDK ICAR
Reference MKP-B256xx | LNK-M3xx1 | MKP B3236x | MKV-Elx
Kyveo 2.0734e-5 5.9622e¢-5 67.303e-5 13.406e-5
Kyc 0.7290 0.7271 0.6770 0.5410
Kyveoo 1.3796 1.2473 1.0706 1.2216
Koo 1.3428e3 0.8821e3 1.8079¢3 2.7496e3
K)o 1.0543 0.9950 1.0923 1.2060
tan (o) 2e-4 2e-4 2e-4 2e-4
Koco 4.069¢e-3 2.3056e-5 1.5711e-3 4.9369¢-6
Ko -0.3211 -0.0430 -0.3970 0.0783
Koos -0.4661 0.4986 -0.4539 1.0316

For DC capacitors, the voltage V. is the peak value of the superimposed ripple
voltage. When the ripple voltage is approximated to be a triangular waveform
with the same frequency as the switching frequency (fs,,) of the converter and a
peak-to-peak amplitude equal to the maximum voltage ripple, the following ap-
proximation can be made based on equation 4.9:

V3

=5 fsw - C -tan () - 0t ge - Vo (4.44)

PEC

where &y 4. is the ratio of peak-to-peak voltage ripple to DC voltage (Vp¢) of the
converter.

For AC capacitors, the voltage V. is the peak value of the fundamental compon-
ent plus the peak voltage ripple, and the effective frequency can be approximated
to the fundamental frequency. Dielectric losses can then be expressed as:

2
Po=7"-fa-C- tan ((50) . <1 + 6‘/2ac> . Va2cp (4.45)

where Jy 4. is the ratio of peak-to-peak voltage ripple to the peak fundamental
voltage (V,¢p) with fundamental frequency f;.
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4.2.3 Capacitor resistive Losses

Resistive losses (Ppc) occur in the electrodes, in the contacting and in the inner
wiring. These losses can be calculated as follows [39]:

Poc = Ryo - I (4.46)

where I is the RMS value of the capacitor current, and R is the series resistance
at maximum hot-spot temperature, which is the sum of all resistances occurring
inside the capacitor. The series resistance R ¢ is typically estimated from average
film metallisation parameters [39] and its value can be found in the data sheet
of the reference capacitor technology. Due to thinness of metallised layer, high
frequency effects such as the skin effect are negligible [25, 40].

A model based on the capacitance value and the capacitor rating voltage can be
used to predict the value of series resistance, as follows:

Rsc = Koco - OKact  yliae: (4.47)

where Koo, Koo, and Koo are proportionality regression coefficients found
by taking data from reference capacitor technology. The value of series resistance
given in the data-sheets is given for a capacitor temperature of 20°C, but a conver-
sion factor of 1.25 can be used to estimate the resistance at nominal temperature
(typically, 85°C for film capacitors) [39, 41].

Figure 4.8 shows the relationship between the series resistance per energy storage
and the capacitance for different voltage ratings and different capacitor techno-
logies: Figure 4.8a. shows the DC link capacitor series MKP-B256xx from the
manufacturer TDK, Figure 4.8b. shows the DC link capacitor series LNK-M3xx1
from the manufacturer ICAR, Figure 4.8c. shows the AC filter capacitor series
MKP B3236x from TDK, and Figure 4.8d. shows the AC filter capacitors series
MKV-E1x from ICAR. The lines in Figure 4.8 plot the calculated model based on
equation 4.47 for each family of considered capacitors. The series resistance in
Figure 4.8 refers to the resistance at nominal temperature (85 °C).
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a) DC-Series MKP-B256XX, TDK  ¢) AC-Series MKP B3236XX, TDK

— : 10° —~— ‘
SRR % 700 SRR % 250
SR O 900 D, O 330
et \‘*\‘O + 1100 s O 480
— We. x 1200|] — = SRR
2 N o [> 1320]| =2 [ m IR %
G 10"} RO i’gc%e O 1980]) @ a *
= * <$ oF, - 3 * R
O \o ‘Q*‘ I o 10 A \\ ‘\
A .
L N L
u R 7 98,
? ' dt‘ o~ ? WO
o <> . \‘\\ \\O\\ ' I:I\ LNURN
o\\ Dx AP I:Im\ AN
S \-%‘ Y A
0 . N K|
10 NS RN 2 a %
SN 10 R A
10° 10° 10°
Capacitance [uF] Capacitance [uF]
b) DC-Series LNK-M3XX1, ICAR d) AC-Series MKV-E1X, ICAR
10’ : :
\ \ \ % 700 “:\ " % 900
O 900 ‘0‘ O O 1000
‘x* + 1100 3 W + 1400
. o ‘\)‘(-\l’-(_p #*%| x 1300/ — 10 ‘ Sxe- X 1600 ]
2 1650 || =2 {)x\t 1800
G ‘\‘ SO 9 5 1850 || & . 5 2000
E o AN E \%,;Rg
3 \‘\\\\ \\ \‘ O \ ¢ Q
E o \‘\\\\\ A E %
O % \\ \\*; O \\\
[0} N 2] \\ \\
o N *\# o \\\ Q
A * RSN *
0 S MQ) N
10 S Vv + 0 ‘\:\ \g
B SRR U g ‘: " Rk
LA S S 102 . NRCEIRY
10° 10° 10° 10’
Capacitance [uF] Capacitance [uF]

Figure 4.8: Film capacitor series resistance per energy storage vs. capacitance for dif-
ferent voltage ratings and capacitor technologies: a) the DC link capacitors series MKP-
B256xx from the manufacturer TDK; b) the DC link capacitor series LNK-M3xx1 from
the manufacturer ICAR; c) the AC filter capacitor series MKP B3236 from TDK; d) the
AC filter capacitor series MKV-E1x from ICAR. The dashed lines show the fitting curves
as given in equation 4.47.



Chapter 5

Medium Frequency Transformer

5.1 Power Losses

The power losses in the MFT consist mainly of core and copper losses. The cooper
losses are the sum of the ohmic losses of all windings:

PW,TT = Z(Fsk(z) ) Fpe(z’)) ’ A (i) " Tr(i)
i=1 Wi

where nw is the number of windings, I7, is the RMS current value in each winding,
Peu 18 the resistivity of the conductor, MLT is the mean length of a turn in the
winding, A,, is the wire conduction area, N is the number of turns in each winding,
Fy, is the skin-effect factor and F), is the proximity-effect factor. In MFTs, eddy
current losses in windings, i.e. the losses due to skin and proximity effects, cannot
be ignored. The approximate model for estimating the proximity-effect factor for
a litz wire conductor, presented in [36], is used in this paper:

R 5 Pher N — 1
F— —ac _q yer A 5.1
T Re 45 ’ oD
- ds . o Pcu
A——26.1/7’['.Klaye7«, 6= 77T'MO'fTr7

d
Klayer = /7N, —; Dy = kpf ~ds -/ Ns

SQDL’
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where fr, is the working frequency, J is the skin depth, p;,ye, is the number of
layers of winding, N, is the number of strands of the litz wire conductor, dy is
the diameter of a strand, Dy, is the diameter of the litz wire conductor, A is the
ratio of the thickness of a equivalent rectangular conductor to the skin depth , and
k, is the packing factor (k,; = 1.28 for Ny > 25). The approximate model for
estimating the skin-effect factor presented in [38] is used in this paper:

4
Fskz{H‘*g*ﬁM‘ A<17
0254+ 0.5A + z5x A >17
In a litz wire conductor, the proximity-effect factor is more important than the skin-
effect factor[36]. The strand diameter d of litz wire conductor and the number of
strands Ny are selected by taking into account the expression derived in [42, 38]
which estimates the optimal A and thus minimises (5.1):

15

At =
5'pl2ayer “Ns —1

(5.2)

Additionally, to ensure that the winding does not overheat, the simplest practical
assumption is that a certain current density (J,45) should not be exceeded. Based
on the maximum current (I7,p74,) that the transformer will carry, the following
equation can be written:

ITrMaac s ) d2

S

Ns = Bsfw - JImaz Z

(5.3)

where K, is a safety factor of the maximum current of the conductor, which
is set at 0.8. Then, (5.2) and (5.3) can be solved for Ng and d to optimize the
winding.

By contrast, the core losses depend on the magnetic material, core volume (V.),
working frequency (fr,), flux density amplitude (13,,,) and waveform factor (/Cy, ).
The modified Steinmetz equation is often used to evaluate the core losses and it can
be expressed simply as a function of the waveform factor of the voltage [1]:

fTr ac Bm Bc wa 2(ac—1)
P =00V peo - L Zm B i
c,Tr = Pe* Ve Peo < 7 Bo Kouso

where the coefficients o and S¢ are determined by the characteristics of the ma-
terial, pco, fo, Bo and K, o are reference core losses which can be established
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from the manufacturer’s data sheet. The waveform factor (K, ) of a waveform is
defined as the ratio between its RMS-value and its average value of the impressed
voltage over the time period between zero and maximal flux density [1].

5.2 Induced Voltage and Power equation

The equation for voltage in a transformer winding is given by [38]

VP:wa'kf'Np'f'Bm'Acore (54)

where K,y is the waveform factor introduced to take into account the ratio of the
RMS value of the applied voltage waveform, ky is the core stacking factor (typ-
ically 0.95 for laminated cores), A,y is the cross-sectional area of the magnetic
core, B, is the flux density amplitude and [V,is the number of turns on the primary
winding. The number of turns on the secondary winding is given by:

Ng = (Vs/vs) - Np (5.5)

To ensure the optimum design of the transformer, the winding power loss on the
primary side is equal to that on the secondary side [34, 43]. This criterion implies
that each winding carry the same current density (/). The sum of VA products for
each winding of a transformer is expressed as [38, 37]:

k
ZVA:wa-kf-Kb f B J - Acore - buy - huy (5.6)

cu,

where ky, is the ratio of bare conductor area to the window area (typically 0.5 [44]),
and the other variables are as defined above.

5.3 Thermal Constraint

The temperature of the transformer should be estimated during the optimisation
process to verify that temperature specifications are not exceeded. In a transformer
with natural air cooling, as considered in this thesis, the largest heat-transfer mech-
anism is convection [43]. Newton’s equation of convection is therefore used to
determine the temperature rise (A77, )of the magnetic component [38, 42]:

Porr + Pwrr = hpy - Ay - ATy, =

where A; is the external surface area of the core and windings, and hp, is the
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a) Single-phase Transformer front view b) Three-phase Transformer front view
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Figure 5.1: Shell-type transformer Structure. a) Front view of single-phase transformer.
b) Front view three-phase transformer. ¢) Top view for both transformers.

convection heat transfer coefficient (hy, = 1.42 - (AT TT/HTT)O'25 [38]), and Hrp,
is the height of the transformer.

5.4 Evaluation of Volume and Mass

The design process is developed for dry shell-type transformers. Figure 5.1 shows
the front and top section of the single-phase and three-phase transformers. The
relevant core dimensions (a, by, hy, d) are indicated on the diagram. Table 5.1
shows the geometric characteristics defined using these relevant core dimensions.
The overall volume and active mass of the transformer can be calculated by:

Volp, = (d+ 2by) (4a + 2by) ((ng + 1) - a4+ ng - huw)

Masst, = pe-Vole+ng - peu (Volcu(l) =+ Volcu(g))
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Table 5.1: Geometric characteristic of the transformer design process

Acore 2a-d
;a% MLT - Low Vol. 4a+2d +7 - Dr1 - Pragert
o | MLT - High Vol. da +2d + 7(by — D12 - Prayer2)
%;0 Window area by - A
) Vol. d (4a + 2by) (2a + hy) — 2 (byhyd)
Winding volume (4a + 2d + 7by,) (by - hay)
Acore 2a-d
2 | MLT - Low Vol. da+2d+ 7 Dr1 - Prayert
fn MLT - High Vol. 4a + 2d + 7(bw — Dr2 - Diayer2)
;é Window area 3 by - hy
E Vol. d (4a + 2by) (4a + 3hy) — 6 (byhyd)
Winding volume 3 (4a +2d 4 wby) (by - hy)

2

where p, is the density of the core material, p., is the density of the conductor
material, NV is the number of turns (subscript i=/ means low voltage, i=2 means
high voltage), ny is the number of phases (I or 3), and the other variables are
defined as before.

The optimization criterion to minimise losses and the optimum flux density ex-
pression presented in [38] have been taken into account to estimate transformer
volume, mass and power losses. The flowchart of the minimum transformer volume
is shown in Fig. 5.2. Optimum flux density depends on design requirements and
constraints. The main constraints considered in this thesis are: the maximum al-
lowed temperature rise (AT7r,), the saturation flux density B, the copper fill
constraint (which ensures that the transformer windings fit into the transformer
window) and the minimum allowed efficiency 7.

An optimisation algorithm was developed to estimate the core dimensions (a, by,
I, d) and the number of layers of each winding (piayer1» Player2), Which minim-
ises the objective function (O Fr;) defined by (5.7) for a given set of input variables
(nominal power, input voltage, voltage ratio, maximum input current, waveform
factor, and frequency).

Pr, Volrp, Massp,
OFr, = + + ; (5.7)
Tr PTT,min VOlTr,min MQSSTr,min
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Figure 5.2: Basic flowchart to minimise transformer volume
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Table 5.2: Transformer specifications of design example [1]

Rated Power 3MW Rated Frequency 500 Hz
Rated Low voltage | 3 kV Peak flux density 1T
Rated High voltage | 33 kV Max. current density | 4 4/mm?

PTT‘ :PW,TT+PC,TT'

Figure 5.3 and Figure 5.4 show the results of the optimization algorithm for a
3MW-500Hz single-phase shell-type transformer with specifications listed in Table
5.2. To examine how the Pareto-Front of the proposed methodology compares with
a commericially available transformer design, Figure 5.3 and Figure 5.4 include a
reference design, which refers to transformer design results presented in [1] for the
same transformer specifications and similar constraints. Furthermore, Figure 5.3
and Figure 5.4 show a selected design, i.e. the design that minimises the objective
function (5.7). Unlike the proposed model, the transformer design presented in [1]
takes into account the use of cooling ducts for the thermal design, enabling a more

compact solution.
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Figure 5.3: MFT performance space Power Losses vs. Volume. Results for a design
example of a 3MW-500Hz single-phase shell-type transformer.
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Chapter 6

Back-to-Back Converters for
Offshore AC-Grids

Full scale power converters have become the conversion system of choice in WTs
for several reasons, primarily because they allow turbines to operate in a wide
speed range which increases the energy harvest, and they enable the use of effi-
cient PMSGs. As the wind energy penetration increases, the grid code becomes
increasingly strict and can only be fulfilled with a full scale power converter.

Therefore, full-scale power converters are used increasingly in offshore wind power.
Two main topologies in commercial full-scale converters for offshore AC grid
parks have been described in the literature, the Two-Level Voltage Source Con-
verter (2L-VSC) and the Three-Level Neutral Point Clamped (3L-NPC) [45, 33].

The evaluation of 7, p and v of a Back-to-Back converter based on the 2L-VSC
has been chosen as an applied example of the models introduced in this thesis.
Figure 6.1 shows the basic schematic of the 2L-VSC with unidirectional switches
implemented by IGBTs with anti-parallel diodes. All the aspects needed to design
a 2L-VSC with IGBTs and to evaluate its 7, p and -y are presented herein.

6.1 Modulation strategies

The goal of the modulation strategy is to synthesise a desired output voltage by
controlling the switch states of the converter. The aim of this section is to char-
acterise the modulation strategy to evaluate the power losses of the switches, but
the reader can refer to [34] for an introduction to Pulse Width Modulation (PWM)
methods or to [46] for details about the most relevant modulation techniques based
on Space Vector Modulation (SVM).

81
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Figure 6.1: Two level voltage source converter (2L-VSC) with IGBTs
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The modulation strategy strongly affects the n of the converter; therefore, at least
two modulation strategies should be compared when the converter is designed. In
this chapter, three modulation strategies are considered: Sinusoidal PWM (SPWM),
Space Vector PWM (SVPWM) (also called suboptimal modulation) and a discon-
tinuous modulation scheme known as Symmetrical Flat-Top Modulation (SFTM).
Details of SPWM modulation can be found in [47, 34]. Details about SVPWM
and SFTM modulation methods can be found in [46, 47].

To characterise a given modulation strategy, two main variables have to be eval-
vated: the modulation index and the relative turn-on time of the converter bridge
legs. Different definitions of the modulation index exist in the literature [46]; thus,
to compare the three modulation methods considered, it is convenient to define the
modulation index as follows:

[0l
Mg = 1Al 6.1)
VA,om

where v 4, is the desired inverter phase peak voltage, and V4 o, is the maximum
amplitude of the phase voltage reference at which the modulation approach enters
the over-modulation range. Thus, the modulation index becomes unity at the over-
modulation boundary. The value of V4 ., depends on the modulation method, and
for the modulation methods considered:

Vg—c for SPWM
VA,om = (62)

%C for SVPW M and SFTM
From the definition in equation 6.1, the desired RMS inverter reference line-to-line
voltage (V1 1) is related to the modulation index as follows:

Vir = V3-Ms - Kpod - Vpo (6.3)

% for SPWM
Komod = (6.4)

% for SVPW M and SFT M
However, the phase modulation function should be defined for each modulation
method to calculate the relative turn-on time of the converter bridge legs. Consid-
ering a purely sinusoidal three phase voltage, it can be defined by the output phase
voltage (Vg ):
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Vax (W) = \/g Vir - sin (wt) (6.5)

The phase modulation function (m,) is defined by equations 6.6, 6.7 and 6.8 for
SPWM [47], SVPWM [46] and SFTM [46] modulations, respectively. Once the
phase modulation function has been obtained, the relative turn-on time of the con-
verter bridge leg a (o) can be calculated according to equation 6.9 [47]. Figure
6.2 shows the relative turn-on time of the converter bridge leg a («,,) for the mod-
ulation methods considered.

ma,spwn (wt) = Mg - sin (wt) (6.6)

2 .
mq,svpwm (wt) = —= - Mg - sin (wt) + vo sv pwm (6.7)

=

voer i lvedl > Jlvas || < [lop]

1
2 Vaom
V0,SVPWM = % V:,lgM Zf ||Ua*H > Hvb*H < ”UC*H
Logte if opell > flvesl] < [Jva]
2 .
Mq,srrM (Wt) = —= - Mg - sin (wt) + vo sprm (6.8)
V3
ol — S i Jfveal] < [[vas]l > [[one
vosrra = § el — g f o] < [lope]] > o]
el Soes i Yo < [[es| > ]
1
g (wt) = 3 (1 4+ mgq (wt)) (6.9)

6.2 Evaluation of the semiconductor device currents

To calculate the power losses of each device (IGBT and Diode), it is necessary
to calculate the average and RMS values of the current that each device conducts
in a particular period (needed to evaluate equation 3.6) and those of the current
through the device at moment it is turned on or off (needed to evaluate equations
3.18 and 3.20). Unfortunately, there is no simple relationship between the RMS
output current (/) and the current in the diode (/;) and IGBT (/;). The current
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Figure 6.2: The relative turn-on time of the voltage source inverter bridge leg a («,,) for
three different modulation methods: SPWM (Sinusoidal PWM), SVPWM (Space-vector
PWM), and SFTM (Symmetrical Flat-Top Modulation).
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Figure 6.3: Bridge leg current definitions for the 2L-VSC

distribution between diode (DA+) and IGBT (TA-) is a function of the relative
turn-on time of the converter bridge leg (), the modulation index (M) and the
displacement angle (¢) between the inverter phase voltage and current [46].

To establish a relationship between the output current and the currents of the diode
and IGBT, Figure 6.3 defines the current of the elements in a bridge leg of the
2L-VSC. From Figure 6.3, the relationship between the current of the diode and
that of the IGBT at any time is given by:

(6.10)

, ity +ig- ifiq >0
7 e
i gy ifia <0

The currents 4;4 and ¢4 (or i;— and i44) are orthogonal; therefore, when the
upper IGBT (TA+) is conducting, the lower Diode (DA-) is not (and vice versa).
The average current through the IGBT and diode respectively can be evaluated by:
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[T
Liavg = 27T/¢ (g (0) -iq (0)) - db (6.11)
[T
loave = 27r/¢ (1 —aq(0))-iq () - do (6.12)

where ¢ is the displacement angle between the inverter phase voltage (v,) and
current (i,), and «, is the relative turn-on time of the converter bridge leg a for
the modulation methods considered (defined by equation 6.9). Assuming a purely
sinusoidal phase current with RMS value (1), [47] evaluated the equations 6.11
and 6.12 for SPWM modulation, and [46] evaluated them for SVPWM and SFTM
modulations. Comparison of the results from [46] and [47] reveals that the average
current through the IGBT and diode is independent of the chosen PWM modula-
tion method and is given by [46]:

V2 Ko,

It ave = <2TF + Td - Mg -cos(¢) | - I, (6.13)
V2 K

Ijave = <27T - 4 Mg -cos () | - I (6.14)

Similarly, the RMS current through the IGBT and diode can be evaluated by:

1 [
Ii rvs = \/Qﬂ/aﬁ (aq (0) - 32 (0)) - db (6.15)

m+¢
lirms = \/217T/¢5 ' (1 —aq(9)) -z (0)) - do (6.16)

In contrast with the average current expression, the expression for the RMS cur-
rent is dependent on the selected modulation technique. Equations 6.17, 6.18 and
6.19 show the closed-form expression for the ratio of IGBT RMS current to RMS
phase current of the inverter, which are reported in [47] for SPWM and in [46] for
SVPWM and SFTM.



88 Back-to-Back Converters for Offshore AC-Grids

SPWM modulation
L rms\2 3m+ 8- Mg - cos (¢)
: = 6.17
(M) = o
SVPWM modulation
— Ms+3m—4Mg cos? Mg cos ™
+3 s 127(T¢)+8\/§ 5 cos(¢) ol < Z
It rvs \ ™ _ V3 6.18
17 = 37r+2M5-<2+73sin||2¢||—C052(¢)> . iy (6.18)
a o 5 < ||¢|| <3
2Mg-(—2sin||¢]|+2v/3 cos(¢) )
+ 127
SFTM modulation
(6-8My) /3 cos?(¢)+V/3Ms (448 cos(¢)) 18]l < 5
2 —8Mg sin||@||+(4M, 1—2;:) in[|2¢—3v/3+2 ;éHdﬂl ’
Inrms\™_ ) =0 T
I,
37r—3H¢||+(4é\4s_3) sin|| 24| <ol <5
(6.19)

The ratio of Diode RMS current to RMS phase current of the inverter can be cal-

culated by
Iorus\® 1 I rus \°
: =—-— : 6.20
( I, 2 I, (6.20)

Expressions 6.13, 6.14 and 6.17-6.20 are valid if the active power flows out of
the inverter, as defined from Figure 6.3, which shows the inverter operation mode.
In the case of rectifier operation (the power flows in the opposite direction), the
expressions for the diode and IGBT must be exchanged.

However, to evaluate the switching losses, it is necessary to calculate the average
and RMS values of current through the IGBT device at the moment afterit is turned
on (Iyq, ave and Iy, rars) and the average and RMS values of current through the
IGBT and Diode devices at moment before they are turned off (I, ava, Ith RMS»

Lap, ave and Iy pars).
Given that the current through the upper IGBT commutates to the lower diode,

the turn on switching current of the upper IGBT is approximately equal to the
turn off switching current of the lower diode (¢4 =~ ¢45—). Furthermore, for
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switching frequencies much higher than the fundamental frequency, the current
along a switching period can be assumed to be constant, and therefore the turn on
switching current can be approximated to the turn off switching current (i1 ~
iqp+). Therefore, the average and RMS values of switching currents through the
all devices (IGBT and diode) are approximately equal:

Tswa,ava = la,ave = I ava = Laava (6.21)

TIswa,rMs = Lia,pMs = L, rvs = Lap,RMS (6.22)

The average and RMS values of the switching current can be calculated as follows:

1 [Tt ,
= A URA DR (623)

1 [
Tswa,RMS = \/ 5 /QS (Ctowa (0) - 32 (0)) - df (6.24)

Where gy, is the switching function of the converter, which is a function of the
relative turn-on time of the converter bridge leg and is given by:

1 0< <1
Agpa = o (625)
0 ag=1lora, =20

Equation 6.25 shows that the switching function is constant and equal to 1 for the
SPWM and SVPWM modulation methods, but SFTM modulation has different
values. Equations 6.26 to 6.29 show the closed-form expression for the average
and RMS values of the equations evaluating the switching current 6.23 and 6.24
for the modulation methods considered.

SPWM and SVPWM modulation

V2
Iswa,AVG = 7 g (626)

1
Iswa,RMS = ﬁ Ay (6.27)
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SFTM modulation
VA_cosOl g, gl < X
Iswa,AVG = %Ia % < qu” < 2% (628)
\/5(2*;;"005(‘1)))[0‘ %ﬂ <ol <=

1 V3
Iswa,RMS = % - E - COS (2¢) -1, (6.29)

6.3 Main guidelines for the design of a 2L-VSC

To evaluate the n and p of a converter, the components first have to be selected.
The selection of components depends on the requirements of the application like
the limit of the current and voltage ripples or peak values of the current and voltage.
In the case of a 2L-VSC, three main parts can be distinguished: the DC link, the
AC filter and the switch valves. The main guidelines for the design of these parts
are presented below.

6.3.1 DC-link design and semiconductor
voltage rating requirements

The design of the DC-link in a 2L-VSC is based on the selection of a nominal
DC voltage (Vpc,n) and the specification of the capacitance value (Cpc) in Fig-
ure 6.1. The nominal DC voltage is related to the nominal AC voltage by (from
equation 6.3):

Voo = ViL N
7 \/g : Kmod ' MS,nom

(6.30)

where V1, v is the nominal line-to-line RMS voltage and Mg ;0 is the modula-
tion index at nominal operation. Assuming that the voltage V1, v is given by the
application, then the nominal modulation index Mg o, should be determined.

When designing the DC voltage, a safety margin for the operation of the 2L-VSC
is taken into account to guarantee controllability under abnormal conditions. The
boundary of over-modulation occurs when equals one, therefore Mg ;,0,, should
be lower but close to one. For example, a value of 0.98 for Mg ,,,,, Will leave a
safety margin of approximately 2% for operation, i.e. the 2L-VSC can manage a
2% increase in voltage without entering the over-modulation range. Low values
of Mg nom Will require higher values of nominal DC voltage, which are mainly
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limited by power semiconductor technology if the connection of devices in series
is to be avoided.

In the 2L-VSC configuration, each valve will support the total DC voltage, and
if the semiconductors are not connected in series, the minimum blocking voltage
required by the semiconductor device can be calculated by (from equation 3.29)

Vi 'kov v
Yoe bous for5VdC§2-<,f” —1>
Vi R vee 5 v (6.31)
block,min = Y Ve n-kou s <1+ V;C) uvp '
- fordyie>2- (m - 1)

where dy/4, is the ratio of peak-to-peak voltage ripple to DC voltage, and k,  is
the over voltage factor. For typical industrial networks, k,,; = 1.1 for low voltage
systems (Vpo,ny < 1kV) and k,,y = 1.15 for medium voltage systems [29]. The
voltage device rating is selected as the next standard device voltage rating higher
than Vijoek min. Standard voltage ratings for commercial IGBT power modules
(IGBTs with anti-parallel diodes) are 1.2 kV, 1.7 kV,2.5kV,3.3 kV,4.5 kV and 6.5
kV.

Figure 6.4 shows the selection of IGBT power modules as a function of the nom-
inal modulation index and the nominal line-to-line voltage for a 2L.-VSC, when
the relative peak-to-peak DC-link ripple is lower than 20% and the safety factors
are kyp = 0.8 and kyq. = 0.65. Figure 6.4a presents the selection map for SPWM
and Figure 6.4b shows the selection map when SVPWM or SFTM is selected. For
the sake of simplicity, only three standard voltage ratings are shown in Figure 6.4
(1.7 kV, 3.3 kV and 6.5 kV).

From Figure 6.4, it can be noted that for a given nominal voltage, the applicability
of a given power module is limited if the nominal modulation index is decreased
in the 2L-VSC. Furthermore, under these conditions, the use of the 2L-VSC in
medium voltage systems is restricted by IGBT module technology, which limits
the application nominal voltage to around 2.2 kV with SPWM and to around 2.5
kV with SVPWM or SFTM.

By contrast, the DC-link capacitance can be designed according to expression
presented in [48], which is derived with the knowledge that, in one switching cycle,
the input power drops to zero while the inverter keeps the maximum output power,
or vice versa:

Vien (Ovae +0.5-034.) - fsw

Cpc (6.32)
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a) SPWM modulation
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Figure 6.4: Selection of IGBT modules depending on required blocking voltage in a 2L-
VSC. For illustration simplicity, only three standard voltage ratings are taken into account.

a) SPWM modulation; b) SVPWM and SFTM modulation.
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where Py is the nominal power of the 2L.-VSC and f;,, is the switching frequency
of the converter. Since the nominal power and the line-to-line voltage (which
defines the DC-link voltage) are given by the specifications of the application,
the DC-link capacitance will be determined by the selected switching frequency
and the relative peak-to-peak DC-link ripple, which are considered to be design
variables. Normally, their values are limited by design constraints.

The maximum switching frequency is determined by the switch device technology.
IGBT power modules can have switching frequencies of up to 4 kHz [29] (depend-
ing on the voltage rating). The maximum relative peak-to-peak DC-link ripple is
given by specifications related to stability and controllability requirements of the
system, and may be limited to 6%.

Once the nominal DC voltage (Vpc, ) and the capacitance value (Cpc) have been
defined, the volume, mass and capacitor dielectric losses can be calculated using
models presented in section 4.2. However, the capacitor RMS current should be
evaluated to calculate the capacitor resistive losses (equation 4.46). From Figure
6.1, the capacitor current can be defined by the DC-link input current (i;,) and
the input current of the Voltage Source Converter (VSC) (iysc). Given that the
DC component of 7, is supplied by the DC-link input current (i.e., I;, avg =
Iysc, av ), the capacitor current is defined solely by the AC components of #;,, and
ipsc [49]:

IC = Tyse,AC — lin,AC (6.33)

It is difficult to derive the capacitor RMS current using equation 6.33; therefore,
we can consider that the currents %;, and 7,5, do not contain common harmonics
(which may be the case if the input current comes from a bridge diode rectifier
or from a PWM rectifier operated at a different switching frequency). Then, the
current stress on the DC-link capacitor can be approximated by [49]:

2 R 2
I¢ rvs = Lyse, acrms + Lin acrus (6.34)

The analytical expression presented in [49], is used to evaluate how the VSC con-
tributes to current stress of the DC-link capacitor. For any PWM modulation
method, and assuming a purely sinusoidal phase current:
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o) )

(6.35)

12 =
vsc,AC,RMS —

- K - M
\/6 mod S[1+<
e

The contribution of the DC-link input current to current stress of the DC-link capa-
citor is determined by the type of rectifier interfacing the 2L-VSC. In brief, it can
be considered to be a system specification parameter for the design of the 2L.-VSC.
This value can be defined relative to the DC component of the DC-link:

Iin Ac,RMS = O1in - Lin,Ava (6.36)

where 7y, is the ratio of the RMS ripple component to the DC component of
the DC-link input current. Given that I;, sy = Ivsc,ava, and that the average
input current of the VSC is calculated from the average current of the upper devices
(TA+, DA+, TB+, DB+, TC+ and DC+, in Figure 6.1), the average DC-link current
can be expressed by:

Iinava = Lvse.ava = 3-(Itave — Loave) = 3 Kiod- Mg-cos (¢) -1, (6.37)

Figure 6.5a shows how the DC-link capacitor current RMS value (normalized by
the RMS phase current) depends on the scaled modulation index (K04 - Ms)
for two displacement factor values (cos(¢) = 0.6 and cos(¢) = 1) and different
values of the ratio d7;,,. The three-dimensional representation of the dependency of
DC-link capacitor current RMS value on the modulation index and displacement
factor (for 675, = 30%) is presented in Figure 6.5b.

6.3.2 AC filter inductor and current ripple

The input inductance (L) is sized according to [50], which presents a theoret-
ical derivation based on the peak-to-peak current ripple (Alyry) at the switching
frequency (fs,) for a given line-to-line voltage amplitude (V7 ) and a DC-link
voltage (Vpo):

Lp = — . 6.38
r <\/§ 2'VvDC' AILh'fsw ( )

Since the maximum peak-to-peak current ripple is normally specified by the ratio
of peak-to-peak current ripple to maximum fundamental nominal current (;7,), the
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a) DC-link capacitor current RMS dependency on the scaled modulation index
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Figure 6.5: Dependency of the DC-link capacitor current RMS value on the scaled mod-
ulation index (K04 - M) and the displacement factor cos(i) of the fundamental phase
voltage and the phase current in a 2L-VSC. a) Dependency on scaled modulation index
for two displacement factor values (0.6 and 1) and five values of the ratio d;,. b) Three-
dimensional representation for d;, = 30%
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inductance value required to limit the current ripple can be calculated as follows
(using equations 4.15 and 6.30):

VL2L,N -cos (¢)

'\/i'éiL'fsw'PN

3
LF = <1 -5 Kmod : MS,nom) (639)

2

Normally, the inductance value is limited by the maximum ratio of inductor voltage
to line-to-line voltage at nominal power (Jy1); therefore, using inductor RMS
current at the fundamental frequency fi, the maximum inductance value can be
approximated by:

30y - VLQL,N - cos (¢)
LF,mam =
7T'f1 -PN~ \/6+5i2L

Additionally, if the 2L-VSC interfaces a machine (motor or generator), the equi-
valent per phase inductance of the machine (Ljs) acts as an additional filter. In this
case, it is possible to reduce the value of the inductor filter L, and the AC filter is
not necessary for some conditions (when Ly < Ljy). If the converter interfaces a
machine, the input inductance can be calculated by:

(6.40)

VL2L7N - cos ()

.\/§'5iL'fsw'PN_

3
LF = (1 -5 Kmod : MS,nom) LM (641)

2

Finally, the nominal inductor RMS current (I, r) should be calculated to evaluate
the inductor volume, mass and power losses using models presented in section 4.1.
Given the approximation of Figure 4.3, the inductor RMS current is calculated as
follows:

52 Py
Inp=+/I2+4+12, =1/1+ L. 6.42
LF a Lh 6 \/g ] VLL,N . COS (d)) ( )

6.3.3 Switch valve design and
selection of semiconductor devices

To design the switch valve, first the required blocking voltage and the maximum
peak current of the valve should be calculated. The semiconductor device used
in the valve is then selected from a set of available devices, depending on the
preferred type of connection (series, parallel or neither) and the maximum rating
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of the available devices. Once the device has been selected, the semiconductor
power losses can be calculated for the worst operating condition and therefore the
size of the module cooling system can be estimated using models from chapter 3.

For the sake of simplicity, only the design of the switch valve for the 2L-VSC with
a parallel connection of the IGBT modules is discussed in detail, but it should be
noted that the design process can easily be adapted to devices connected in series
(considering section 3.3). In addition, to simplify the selection of the devices, only
the IGBT modules presented in Table 3.2 with ratings 1.7kV/3600A4, 3.3kV/1500A
or 6.5kV/750A are considered (which are also considered in Figure 6.4).

If the device is not connected in series, the expression derived for the minimum
blocking voltage required by the semiconductor device can be used (equation 6.31
and Figure 6.4) and the nominal line-to-line voltage is limited to around 2.5 kV
(with SVPWM) for the devices considered (maximum 6.5 £V blocking voltage),
as discussed previously. The maximum peak current of the parallel connection
(valve) is given by the phase current, its current ripple component and the overload
factor (ko f) (typically 30%; then &,y = 0.3), and can be calculated by:

0L
5.1 \F P (14 5) - (1+ ko)
Lsw=V2-1I,-|14+—1]- (1 olf) = A = -
(6.43)

Then, from equation 3.26, the minimum number of parallel connected devices
needed to ensure that the current rating of the devices is not exceeded can be cal-
culated by equation 6.44 (where the function [x] means that the smallest integer is
not less than x). Since the switch is implemented by the IGBT with anti-parallel di-
ode modules, and the IGBT and diode have different current imbalance rates (for
example modules in Table 3.2), then 7y, should be chosen as the maximum
value according to the equation 6.44 for the parameters of the IGBT and diode.

o Ipsw 1+dcr
Np,min = [(1.6 I 1> : (1 — 5CI> + 1—‘ (6.44)

Figure 6.6 shows the minimum number of parallel connected modules as a function
of the line-to-line voltage and the nominal power of the 2L-VSC with SVPWM
modulation for the three power modules in Table 3.2. A displacement factor of
cos(p) = 0.85 and a nominal modulation index of M 0 = 0.98 are considered
in Figure 6.6.

Equation 6.44 gives the minimum value of 7, to ensure that the current rating of
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Figure 6.6: Minimum number of parallel connected devices as a function of the nominal
power (Py) and the nominal line-to-line voltage (V1 n) of the 2L-VSC with SVPWM
modulation for three semiconductor power modules. A displacement factor cos(y) of 0.85
and a nominal modulation index of 0.98 are considered

the modules connected in parallel with maximum current imbalance (d¢y) is not
exceeded. However, if the converter is designed to operate with a relatively high
switching frequency, it may be necessary to increase n,, such that the maximum
power that the module can dissipate via the heat sink mounting without overheating
itself is not surpassed (restriction from equation 3.38).

Figure 6.7 shows the maximum allowable heat sink temperature increases (calcu-
lated from equation 3.34) as a function of the switching frequency for a 2 MW
2L-VSC with SVPWM modulation and three designs with different nominal line-
to-line voltage for each semiconductor power module from Table 3.2 (considering
one module per switch from Figure 6.6). The converter operated as an inverter is
shown in Figure 6.7a, and rectifier operation mode is presented in Figure 6.7b.

From Figure 6.7, it can be noted that when the minimum number of parallel
devices from equation 6.44 is considered, there is a limit to the switching frequency
(fsw,limit) which the converter can operate without exceeding the maximum power
that the module can dissipate in the heat sink mounting with minimum thermal
resistance (RnmS,min = 10 K /KW in Figure 6.7). Beyond the limit switching
frequency, the heat sink thermal resistance required to stay within the maximum
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(one module per switch is considered); a) Inverter mode of operation; b) Rectifier mode of
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junction temperature in the worst conditions is lower than the Ry, 175 min given by
heat sink technology (restriction from equation 3.38).

By comparing Figure 6.7a with Figure 6.7b, we can see how the converter opera-
tion mode affects the thermal design of the converter, which is influenced mainly
by the semiconductor parameters (IGBT and diode). Furthermore, since power
modules with higher blocking voltages have stronger frequency dependency (they
require thicker silicon, which gives higher switching losses [29]), the switching
frequency limit is lower for high blocking voltage modules than for low blocking
voltage modules, as seen in Figure 6.7.

If the converter is designed to operate with a higher fy,, than f,, jimi, the num-
ber of parallel connected devices should be higher than the minimum value from
equation 6.44. Figure 6.8 shows the limit switching frequency as a function of
the number of modules connected in parallel for a 2 MW 2L-VSC with the same
design used in Figure 6.7. From Figure 6.8, it can be noted that the fs,, jimit Vs.
n, curve shows asymptotic behaviour, and the switching frequency asymptote de-
creases as the required blocking voltage is increased. Hence, this characteristic
will reduce the use of high blocking voltage devices for designs with high switch-
ing frequencies.

Figure 6.8a shows how the converter operation mode influences the limit switching
frequency. For 1.7 kV modules, the inverter mode allows a higher limit switching
frequency than the rectifier mode, but this difference decreases as n,, increases.
However, for 3.3 kV and 6.5 kV modules, the influence of the operation mode is
less predictable, and the rectifier mode allows a higher limit switching frequency
than the inverter mode.

Additionally, Figure 6.8b shows how the modulation technique influences the limit
switching frequency. In all the cases, SFTM allows higher limit switching frequen-
cies for the design parameters and constraints considered. Also from Figure 6.8b,
it can be noted that the influence of the modulation technique is less notorious for
devices with higher blocking voltage.

Finally, a constraint related to the maximum switching frequency should be taken
into account to limit the use of power modules to the range of switching frequen-
cies that the module can manage without destruction and to ensure that the relative
time that the module takes to change state (turn-on and turn-off times) does not
surpass a practical limit (for example 2%). Table 3.2 shows the maximum switch-
ing frequency for each module, which is calculated to ensure that the conduction
time per switching period is higher than 98% of the switching period.

Figure 6.9 shows an example of a power loss evaluation per module as a function
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Figure 6.9: Example of power losses per module as a function of the switching frequency
for a2 MW 2L-VSC operated as an inverter and with SVPWM. Design with three different
nominal line-to-line voltages are considered, each with different power modules and a
different number of modules connected in parallel to fulfil heat sink thermal constraints.

of the switching frequency for a 2 MW 2L-VSC operated as an inverter and with
SVPWM and the same design used in Figure 6.7. In addition, Figure 6.10 shows an
example of a power loss evaluation per valve and the number of modules connected
in parallel as a function of the switching frequency for the same converter design
shown in Figure 6.9. The maximum switching frequencies considered for the 1.7
kV,3.3 kV and 6.5 kV modules are 4 kHz, 2 kHz and 1.5 kHz, respectively.

6.4 Evaluation of the power losses, volume and
mass of the 2L-VSC

For a given set of design parameters, constraints and variables, the total losses
of the 2L-VSC are calculated by equation 6.45, via the summation of switch
valves losses (Pqve), AC filter inductor losses (Pr,r) and DC-link capacitor losses
(Pepe):
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Piosses,vsc = 6 - Pyaive + PLr + Pope (6.45)
Pyaive = 1p - (Pigbt + Piode) (6.46)

Prp = Pyrr + Perr (6.47)

Pepe = Pec + Pac (6.48)

In this case, the converter has six switch valves, each implemented by 7,, modules
(IGBT with an anti-parallel diode) connected in parallel with the IGBT, and diode
power losses defined in chapter 3 by equations 3.36, and 3.37 at nominal current.
The losses of the AC filter inductor are composed of winding and core losses which
can be calculated by equations 4.20 and 4.32, respectively. The losses of the DC-
link capacitor are calculated by adding the dielectric losses and the resistive losses,
defined by equations 4.44 and 4.46, respectively.

The total VSC volume (Voly s¢) is calculated by equation 6.49, via the summa-
tion of the individual volumes of switch valves (Vol,4,e from equation 3.31),
the three-phase inductor (V ol from equation 4.5) and the DC-link capacitor
(Volope from equation 4.41). A volume utilization factor C'py of 0.6 is con-
sidered for the 2L-VSC. Similarly, the total VSC active mass (M assy g¢) is ob-
tained by equation 6.50, with valve mass (M ass,q1ve) calculated by equation 3.40,
the inductor mass (Massyr) by equation 4.6 and the DC-link capacitor mass
(Masscpc) by equation 4.42.

1
Volysc = —— - (6 - Volyaive + Volrr + Volepe) (6.49)
Cpv
Massysc = 6- Massyqwe + Massprp + Massopc (6.50)

Once the total power losses, the total volume and total active mass are evaluated,
then the 7, p and v can be calculated by equation 2.7, 2.8 and 2.9, respectively.

6.5 Design example and Pareto-Front

The design of a 1 MW 2L-VSC is considered as an example to illustrate how the
proposed methodology should be applied. The system parameters, design con-
straints and references models used in the example are indicated in Table 6.1 and
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Table 6.1: System parameters for the design example 1 MW 2L-VSC.

Parameter \ Symbol \ Value ‘

Nominal Power Py 1 [MW]

Nominal line-to-line RMS voltage Voo N 690 [V]
Power factor cos(¢) 0.85

Fundamental frequency f1 50 [Hz]

Equivalent machine inductance per phase Ly 50 [nH]
Overload factor kof 0.3
Volume utilization factor Cpy 0.6
Relative input DC-link current ripple Orin 0.3
Nominal modulation index Mg nom 0.99

Ambient temperature Tomb 40 [C]

Table 6.2. The three modulation strategies presented in section 6.1 are compared
for each operation mode of the 2L-VSC (Rectifier and Inverter). Furthermore, to
simplify the selection of the devices, only the IGBT modules presented in Table
3.2 with ratings: 1.7kV/3600A, 3.3kV/1500A and 6.5kV/750A are considered.

Although previous studies [47, 46, 30, 33, 50, 32] show that SPWM modulation
is less efficient than SVPWM and SFTM modulation, SPWM modulation is first
considered here to show how the choice of modulation strategy influences the per-
formance indices considered in this thesis. The modulation strategies will be com-
pared later.

6.5.1 Pareto-Front of the 1 MW 2L-VSC
with SPWM modulation

First, the impact of the switching frequency and the relative AC current ripple (9;7,)
on the total volume, the nominal power losses and total active mass are analysed for
the 2L-VSC operated as a rectifier (interfacing a generator). A switching frequency
variation from 500[Hz] to 4 kHz (or the maximum switching frequency that the
IGBT module can be switched) is considered, but configurations which do not
correspond to the thermal and frequency requirements of the IGBT modules are
not shown.

Figure 6.11 shows the nominal power losses, the total volume and the total active
mass as a function of the switching frequency of the converter with SPWM modu-
lation that is considered to be operated mainly as a rectifier. SPWM with a nominal
line-to-line voltage of 690 V is considered therefore, the 3.3kV/1500A IGBT mod-
ule should be used (as shown by Figure 6.4a) and the switching frequency is lim-
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Table 6.2: Design constraints and references models for the design example 1 MW 2L-
VSC

Constraint ‘ Symbol ‘ Value
Safety factor for DC voltage kyde 0.65
Safety factor for peak voltage kvp 0.8
Safety factor of thermal design Kspr 0.85
Max. relative inductor voltage | dvr max 0.3
Max. relative heat sink volume | 615 max 6
Max. relative AC-current ripple | ;7 maz 0.2
Max. Relative DC-link ripple | 6vde.maz 0.02
Heat sink model DAU series BF-XX with axial fan
SEMIKRON series SKF-3XX at 10 m/s
Inductor model Siemens series 4EUXX — Cu.
Capacitor model TDK series MKP-B256xx

ited to 2 kHz. In addition, the minimum switching frequency is limited to around
700 Hz because of the maximum relative inductor voltage constraint (which re-
quires the maximum inductance value [L 4. ] for the given relative AC-current
ripple of 20%).

Figure 6.11a shows how the different components contribute to the total nominal
losses. Figure 6.11a shows that the contribution of the capacitor losses is much
lower than that of the inductor and switch valves losses. Furthermore, it can be
noted that increasing the switching frequency beyond around 1.36 kHz will require
the connection of two modules in parallel per valve, which abruptly increases the
valve losses.

Figure 6.11b and Figure 6.11c show the total volume and active mass, respectively,
and the contribution of each component. It can be observed from these figures that
the inductor contributes most to the total mass and volume in the 2L-VSC with
the characteristics indicated in Table 6.1. In addition, the required inductance and
capacitance value decreases as the switching frequency increases; therefore, the
inductor/capacitor volume and mass are low at high switching frequencies.

The evaluation of the nominal 7, the p and the + as a function of the switching
frequency is shown in Figure 6.12. It can be noted from Figure 6.12 that maxim-
isation of the 7 and the p (or «) are two conflicting objectives. The maximum 7
of 97.5% is obtained for a converter design with a switching frequency of 700 Hz,
but the same switching frequency provides the minimum values ofp and ~.
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By contrast, Figure 6.12, shows that the maximum values of p and v (1.93 MW /m?
and 1.28 MW/t, respectively) are obtained when the maximum switching fre-
quency (2 kHz) is considered; however, a considerable reduction in the nominal 7
(from 97.5% to 93.7%) is necessary if the converter is switched at 2 kHz.

The influence of the maximum relative AC current ripple (9;1, ;maq) On the nominal
power losses, the total volume and total active mass is illustrated in Figure 6.13, in
which a switching frequency of 1.25 kHz is kept constant in the converter. It can be
noted from Figure 6.13, that variation in d;7, ;,q, only influences the design of the
AC inductor filter. The inductor mass and volume decrease because the converter
design allows a higher §;7,, but the inductor losses increases.

Figure 6.14 shows the evaluation of the nominal 7, p and ~y as a function of the
0iL,maz for a fs, of 1.25 kHz. Similar to switching frequency variation (Figure
6.12), it can be noted from Figure 6.14 that the maximisation of the 1 and the p
(or 7y) are two conflicting objectives from the point of view of the d;, y,qz restric-
tion. A 10% reduction of the d;1, ynq, restriction (from 20% to 30%) results in a
0.75% reduction of 1 and 23% and 33% increase of the p and v of the converter,
respectively.

Finally, the optimised design of the 1MW-690V 2L-VSC with SPWM operated
as a rectifier, taking into account different switching frequencies and relative AC
current ripples, is plotted in Figure 6.15. The designs shown in Figure 6.12 (d;;, =
0.2) and Figure 6.14 (fs, = 1.25kHz) are also included in Figure 6.15. The
relationship between 7 and p for the space of solution is presented in Figure 6.15a,
which also shows the n — p Pareto-Front for the rectifier mode 2L.-VSC (black
curve). The p — =y Pareto-Front and the p and + relationship for the space of
solution are presented in Figure 6.15b.

It is possible to observe from 6.15a, that variations of §;;, have a strong impact
on p, but only a small influence on the nominal 7, when the f,, is kept constant.
Furthermore, it can be noted from Figure 6.15a, that the n,, needed to fulfil thermal
the constraints significantly affects the n — p space of solutions, which is clearly
divided according to n,, with the highest efficiency for the solutions with one mod-
ule connected in parallel. Additionally, if two IGBT modules are connected in
parallel, an increase in the fs,, has a small impact on the p but a high influence on
the nominal 7.

By contrast, an increase in fg,, Or 6;1, ;mae Will improve the p and «y of the converter,
as observed in Figure 6.15b, but it decreases the nominal 7 of the solution, as
shown in Figure 6.15a. Furthermore, variation in the f,,, has more impact on the
~ than the p of the converter, as seen in Figure 6.15b. The p — v Pareto-Front
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(in Figure 6.15b) of the solutions is shorter than the 7 — p Pareto-Front (in Figure
6.15a), which shows that p and ~y are highly correlated.

6.5.2 Comparison of modulation techniques

The three modulation strategies are compared in section 6.1 based on the three
performance indices (77, p, 7y) considered in this thesis. The system parameters,
design constraints and reference models used in the comparison are indicated in
Table 6.1 and Table 6.2.

Figure 6.16 and Figure 6.17 show a comparison of the three modulation strategies
(SPWM, SVPWM and SFTM) in terms of the 7 (top), the p (middle) and the
~ (bottom) as a function of the f4, for the Voltage Source Rectifier (VSR) and
Voltage Source Inverter (VSI) operation mode, respectively. From Figure 6.16
and Figure 6.17, it can be noted that solutions based on SVPWM and SFTM
modulations are better than those based on SPWM modulation for the range of
fsw considered. Furthermore, SVPWM and SFTM modulation enables the use
of 1.7kV/3600A IGBT modules for the V7, n of 690 V, as shown in Figure 6.4b;
therefore, frequencies higher than 2 kHz can be considered.

SFTM appears to be the best modulation method in terms of the three perform-
ance indices, as can be noted from Figure 6.16 and Figure 6.17, for VSR and
VSI operation modes, respectively. Comparison of Figure 6.16 and Figure 6.17
shows that the VSI can achieve higher values for each performance index than
the VSR. However, this conclusion is limited to the system parameters and design
constraints considered (Table 6.1 and Table 6.2).

As described previously for the SPWM, an increase in f,, improves the p and ~ of
the converter, but reductes the nominal 1 . However, from Figure 6.16 and Figure
6.17, it can be noted that there is an optimal value of fs,, beyond which the p or
~ will decrease. In the case of VSR with SFTM, the maximum p (3.55 MW /m?)
and y (2.62 MW /t) are obtained for the same fs,, of 3.79 kHz. In the case of VSI
with SFTM, the maximum p (3.76 MW /m?) is obtained for f., = 3.79 kH z, but
the maximum ~ (2.77 MW /t) is obtained for the maximum possible f,, (4 kHz),
which indicates that IGBT technology limits the maximum =y .

Figure 6.18 shows how the modulation method influences the n — p Pareto-Front
of the VSR (Figure 6.18a) and VSI (Figure 6.18b). It is clear that SFTM results
in the best trade-off between 7 and p, and only comparable solutions are obtained
with SVPWM for small values of f,,, which imply low p.

The p — v Pareto-Front of 2L-VSC with the three modulation strategies is shown
in Figure 6.19a and Figure 6.19b for the VSR and VSI, respectively. Again, SFTM



114 Back-to-Back Converters for Offshore AC-Grids

Rectifier Mode

o
,,,,,

ry
........

| -6-SPWM
92|/ =B~ SVPWM
—%~SFTM

500 1000 2000 3000 4000
Switching Frequency [Hz]

-©-SPWM
-5~ SVPWM
3H —¥—=SFTM N

...........
‘‘‘‘‘‘‘‘‘‘
.....

-----
.........
......

vvvvv
AAAAA

ERND

1 | | |
500 1000 2000 3000 4000
Switching Frequency [Hz]

-©-SPWM
2.51 -8~ SVPWM
| =%=SFTM

........
1 o B
. .
......
......
pas oS
.....

‘‘‘‘‘‘

500 1000 2000 3000 4000
Switching Frequency [Hz]

Figure 6.16: Comparison of modulation methods in the design example of the IMW-690V
2L.-VSC in rectifier operation mode. Evaluation of the nominal 7 (top), the p (middle) and
the v (bottom) as a function of the switching frequency.



6.5. Design example and Pareto-Front 115

Inverter Mode
100 T T T T T T T T T T T T T T T T TTTTTTTTIrTITT

......
a
vy eesdee

eo,
........
‘

| -©-SPWM
92|l =B~ SVPWM
—%—SFTM

90 I 1 1
500 1000 2000 3000 4000
Switching Frequency [Hz]

-©-SPWM
-5~ SVPWM i
3H —¥=SFTM e |

..........
. 5D
.......

........
DA
RS

1 | | |
500 1000 2000 3000 4000
Switching Frequency [Hz]

-©-SPWM
-5~ SVPWM
=% SFTM

N

O | | |
500 1000 2000 3000 4000
Switching Frequency [Hz]

Figure 6.17: Comparison of modulation methods in the design example of the IMW-690V
2L-VSC in inverter operation mode. Evaluation of the nominal 7 (top), the p (middle) and
the v (bottom) as a function of the switching frequency.



116 Back-to-Back Converters for Offshore AC-Grids

a) n-p Pareto—front Rectifier Mode
b—m——— 7T T T T T
I O SPWM ||
‘O SVPWM ||
35l % SFTM  []
3t b ]
—
E
< 25t
z b
a | ]
ol ]
150 ]
191‘ - ‘92‘ . ‘93‘ - ‘94‘ . ‘95‘ - ‘96‘ . ‘97‘ . ‘98‘ - ‘99
Nominal 1 [%]
b) n—p Pareto—front Inverter Mode
4— T L B BN s s B S
I O SPWM ||
[0 SVPWM |;
3_5; "*“ SFTM ]

1.5F

95 96 97 98 99

b1 o2 o3 94
Nominal 1 [%]

Figure 6.18: Influence of the modulation method on 1 — p Pareto-Front for the design
example of the IMW-690V 2L-VSC; a) Rectifier operation mode; b) Inverter operation

mode.



6.6. Optimal selection of the switching frequency in a 2L-VSC 117

Table 6.3: Results of the optimal selection of switching frequency follows the objective
function (equation 6.51) for the 1 MW 2L-VSC.

. Operation | fsy n p ~y
Modulation | " Jae | kH= | % | mwymd | mwye | A
VSR | 3.107 | 93.68 | 2.938 | 2.141 | 2.927
SVPWM 513437 (9422 | 336 | 2400 | 2.956
SFTM VSR | 3.807 | 9401 | 3547 | 2.615 | 2.950
VST | 4000 | 93.64 | 3.754 | 2.773 | 2.950

produces the best trade-off between p and -y, and the Pareto-Front is obtained for
the solution with the highest switching frequency.

6.6 Optimal selection of the switching frequency in a 2L-VSC

From Figure 6.16 and Figure 6.17, it can be noted that the nominal 7 decreases
with switching frequency, but there is a switching frequency that maximizes the
p (or the ). The optimal switching frequency can be obtained for a given set
of system parameters and design constraints. The switching frequency should be
selected by maximising the following objective function (A, ‘Lambda’):

A= L P T (6.51)

nmax pmax ’Ymax

where Mmaz> Pmaz aNd Ymae are the maximum values of nominal 7, p and 7,
respectively, for a set of design parameters and constraints. Figure 6.20 shows the
objective function as a function of the switching frequency for the design example
of the 1 MW 2L-VSC with SVPWM (Figure 6.20a) and SFTM (Figure 6.20b) for
each operative mode (VSR and VSI). Table 6.3 shows the performance indices
when the switching frequency is selected to maximize equation 6.51.

Finally, an optimized design of a 2L-VSR is selected for the different converter
nominal powers and the parameters and constraints shown in Table 6.1 and Table
6.2. It is assumed that the 2L-VSR interfaces a wind power generator with an
equivalent generator inductance per phase of 1e-4 per unit, which is assumed to be
the same value for all nominal powers.

Figure 6.21 shows the results of the optimized selection of the switching frequency
as a function of the nominal power when the SVPWM is selected for the 2L-VSR.
Figure 6.21a shows the selection of the switching frequency based on four criteria
to maximize 7, p, v or A. Figure 6.21b shows the number of IGBT modules
connected in parallel that are needed when the switching frequency is selected to
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maximize A.

The nominal 7, the p, and the v as a function of the nominal power are shown in
Figure 6.21c, Figure 6.21d and Figure 6.21e, respectively. Each of these figures
include the maximum possible value (by selection of the corresponding fs,, on
Figure 6.21a) and the value obtained when the switching frequency is selected to
maximize A.

The results of the optimized selection of the switching frequency as a function of
the nominal power when the SFTM is selected for the 2L-VSR are shown in Figure
6.22. SFTM produces a higher  than SVPWM for the given power factor (0.85);
therefore, higher switching frequencies can be used for SFTM and higher values
of p and +y are obtained with the same nominal 7.
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Chapter 7

Wind Turbine Power Converters

Based on Medium Frequency
AC-Link for Offshore DC-Grids

7.1  Wind Turbine Power Converters for Offshore DC-Grids

Recent improvements to power electronics technology, in addition to the advant-
ages of DC-grids over AC-grids, such as reactive power and harmonics [51], provide
compelling arguments to consider the use of DC-grids in future offshore wind park
layouts. Indeed, power collection systems using a DC-grid within a wind farm
are a hot topic in offshore wind applications[51, 52, 6, 53, 54, 55, 56, 57, 58].
Moreover, DC WTs connected in series, as presented in [6, 59, 57, 58], are an
attractive option if converter technology in the WT can maximize n and reduce in-
vestment costs. From [6], Figure 7.1 shows a DC offshore wind park layout where
the WTs are connected in series. This layout is also considered in this paper. In
[6], an all-DC offshore wind farm with WTs connected in series is proposed as an
alternative to the classical parallel AC model. This all DC-based model reduces
investment costs and power losses because the length of cable is shorter than in
models connected in parallel and the expensive offshore platform is not required.
[6] reported that for 10 MW WTs, the DC series park had approximately 10%
lower losses than the AC radial park, but these results are linked to the choice of a
high 7 converter topology in the WECS of each WT.

Two types of full-scale WECSs have been described for DC wind parks connec-
ted in series: those including a MFT [56, 55, 60, 59, 61, 6] and a WECS without
transformers [5, 62, 63, 64]. In this chapter, the WECS based on a full-scale con-
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Figure 7.1: A DC Offshore wind park layout with series-connected turbines and HVDC
transmission.

verter and MFT are considered. A converter based on MFT was selected to ensure
that the generator voltage can be increased to the desired high output DC voltage,
and to enable galvanic isolation between the generator and DC-grid. This system
also limits the size and weight of the magnetic components [1], which enables the
power converter to be placed inside the nacelle, thus reducing complexity and the
cost of the structure and foundation of the WT [65].

Two main converter architectures have been described for a WECS based on MFT:
those displaying an intermediate DC link which connects an AC/DC converter
with an DC/DC converter [55, 56, 52, 53, 58, 66], and a WECS with a direct
AC/AC converter between the generator and MFT without an intermediate DC link
[6, 61, 59, 65, 13].These architectures are shown in Figure 7.2. Various DC/DC
converters have been proposed and compared for the WECS with an intermediate
DC link (see top of Figure 7.2). For example, in [56], 5 MW WECS including
a controlled VSC connected to a DC/DC converter were studied, and the energy
n of three different DC/DC converter topologies were compared: the Full-Bridge
(FB) converter with phase-shift control, the Single Active Bridge (SAB) converter
and the Series Parallel Resonant converter. This comparison found that the FB
converter is the best choice regarding losses, contribution to the energy production
cost, simplicty of design and ease of control. [66] compared the FB converter with
a full bridge isolated boost converter topology and reported similar conclusions.

A WECS with a direct AC/AC converter (see bottom of Figure 7.2) based on Re-
duced Matrix Converter (RMC) topology was subsequently proposed in [60], and
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a comparison between the RMC and a WECS including a SAB DC/DC converter
is presented in [67] for a 20 kVA system, and in [4] for a 2 MW WT. The 7 in a
RMC for offshore wind farms was studied in depth in [59], to define the most suit-
able modulation and operation modes for WTs connected in series or in parallel.
These studies show that for series-connected WTs and Current Source Operation
(CSO) of the WECS, the RMC topology is more efficient than a WECS based on
SAB converter when the AC-link frequency (nominal frequency of the MFT) in-
creases above 6 kHz for a 2 MW WT. However, this comparison did not include
the FB converter, which was reported previously to be more efficient than SAB
converter [56, 66]. Additionally, all these results depend on the WT power rating,
and since there is a clear trend toward increasing the turbine rating, a 10 MW rating
may be more suitable than a 2 MW rating in offshore wind parks. Furthermore, all
the mentioned solutions claim that the use of MFT improves the p of the WECS
because an increase of AC-link frequency enables the volume/weight of the MFT
to be reduced; however, higher frequencies in the power electronic components
will generate higher switching losses and therefore deteriorate the 7 of the system.
Thus, higher 7 and p are two conflicting objectives from a design perspective, and
should be taken into account when WECS are compared. Few studies in the lit-
erature have included these performance indicators when comparing WECS for
offshore DC WTs connected in series.

Furthermore, the above-mentioned solutions are based on a single-phase MFT and
some studies suggest that a three-phase MFT may reduce size/weight compared to
single-phase schemes. This was the conclusion of [6], who proposed three WECS
solutions including a three-phase MFT and compared them in terms of 7; however,
the size/weight characteristics of the solution were not presented, and moreover,
these solutions were not compared with single-phase schemes. The WECS com-
pared in [6] were: the Direct Matrix Converter (DMC), the Indirect Matrix Con-
verter (IMC), and a WECS including an intermediate DC-link with two Back-to-
Back VSCs (B2B) and a sinusoidal output waveform (referred to here as B2B3p
). This study found that for 10 MW turbines, the DMC is more efficient than the
other considered solutions if the bidirectional switches are implemented with low
rating IGBTs connected in series and parallel. However, combinations of series
and parallel connections for IGBTs are rare in real-world applications, where high
rating IGBTs are connected in parallel at the low voltage side of the converter,
and at the high voltage side, the semiconductor devices are connected in series to
reach the required blocking voltage. Furthermore, the analysis was performed for a
WECS with a modular architecture, in which the converter modules are connected
in parallel to reach high power levels as in the 2.5 MW Liberty WT [68]. Finally,
modules of 625-kW rating (16 modules connected in parallel to reach a total rating
of 10 MW) were assumed with no clear justification, even though the n and p of a
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Figure 7.2: Possible configurations for the WECS based on MFT. Top: WECS with an
intermediate DC link and a DC/DC converter; bottom: WECS with a direct AC/AC con-
verter without a DC link.

modular converter depend on the number of modules selected, as shown in [33], in
which an optimized design of a two and three level full-scale VSC for multi-MW
WTs in an AC-grid park layout was presented.

This chapter investigates how the AC-Link frequency and the number of modules
(N,,,) of the power converter influences the power losses, the volume and the mass
of the WECS of Figure 7.3, when a total rated power of 10 MW is required. In
the proposed WECS, each unit consists of a turbine, a PMSG with V,,, insulated
stars or a split drive train feeding /N,,, PMSGs, and a modular power converter
consisting of N,,, AC/DC converter modules. The AC/DC converter module based
on MFT, shown in Figure 7.3 (at bottom), is composed of three main stages: an
AC/AC converter (which may or may not include an intermediate DC-link), an
MEFT, and a Full-Bridge Diode Rectifier (FBD) with an LC output filter to convert
the medium frequency voltage waveform into a DC one. The analysis is carried
out for six potential solutions based on different AC/AC converters (B2B vs. mat-
rix topologies), AC-Link waveforms (sinusoidal vs. square) and phases of the
MFT (single vs. three phase). The three WECS solutions presented in [6] are
considered in this chapter: B2B3p, DMC and IMC. Additionally, the other three
WECS solutions are based on: RMC, FB converter (referred to here as B2B1p),
and the B2B with a three-phase Squared waveform (B2B3pSq). This chapter also
presents a comprehensive comparison of the most relevant WECS based on MFT
found in the literature. Analytical models as well as numerical simulations have
been considered to determine the main representative variables of these topologies
as a function of the AC-Link operating frequency and N,,.
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The main models, design constraints and parameters presented in chapter 3 are
considered to evaluate the power losses, volume and mass of the power switches
and diodes. The basic relationship between volume, mass and losses of inductor
and capacitors presented in chapter 4 are considered. The MFT design methodo-
logy presented in chapter 5 is also considered. The design criteria of the compared
topologies are derived in section 7.2 and section 7.3 for B2B and matrix topolo-
gies, respectively. The results of the six modular WECS solutions and their direct
comparison are shown in Section 7.7. Finally, in section 8.1, the key findings are
summarized.

7.2 Back-to-Back Topologies

In this chapter, the conventional B2B converter is taken as the reference topology
because it is a well-established technology[50]. It features a DC-link capacitor
separating the two VSI and smoothing inductors. Three converter topologies are
compared in this study, based on the variation of the number of phases and wave-
form in the output: B2B3p, B2B3pSq and B2B1p. Figure 7.4 shows the con-
sidered B2B topologies in which the transformer side VSI has been modified to
obtain the target output waveform. The space vector PWM modulation presented
in [46] has been used for each VSI in the B2B3p. This modulation technique is
also considered in [6] for a B2B topology in an offshore WECS based on MFT.
The characteristics of these topologies are briefly discussed below.

7.2.1 Generator Side VSI and input filter

The generator side VSI and the input filter are common components in these three
topologies. Given that the DC-Link capacitor provides decoupling in switching
operation, the generator side converter can be operated at switching frequencies
different from those of the transformer side converter. The main design guidelines
presented in section 6.3 are considered. The DC-Link capacitance is designed
according to suggestions presented in [48], which were derived with the knowledge
that in one switching cycle, the input power drops to zero whereas the inverter
maintains maximum output power, or vice versa:

Py,
VD201 - (0vder +0.5- 5\2/dc1> < fsuw1

Cpaop = (7.1)

where &y 4.1 is the relative peak-to-peak DC-link ripple (limited to 5%), Vpc is
the DC-Link voltage of the B2B converter, P, is the input power of the module,
and fq,1 is the switching frequency of the generator side VSI. The input induct-
ance is sized according to [50], in which a theoretical derivation is presented based
on the current ripple at the switching frequency for a given input voltage amplitude
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and a DC-Link voltage. The inductance value is calculated as follows:

Vy'- cos(dy) (1 */§V9> (72)

Lpap = -
V2 P Sivin  fowt 2-Vpea

where d;1, is the relative peak-to-peak current ripple of the input current (limited
to 3%), V; is the RMS line-to-line generator voltage, and cos () is the power
factor at the generator side. The DC voltage is related to the generator voltage by:

2v/2 -V,

V = 7.3
DC1 73 st (7.3)

where mg; is the modulation index of the converter. A 10% safety margin on the
operation of the VSI (mg; = 0.9) is taken into account during the design of the
DC voltage.

The power losses at this stage are defined by equation 6.45, which has been re-
written in this chapter by equation 7.4, where the DC-link capacitor losses are
neglected, as shown in chapter 6:

Ploss vsg = 6 - npg - (Pigvt.vsg + Paiode,vsq) + PLF,B2B, (7.4)

where n,, is the number of IGBT modules connected in parallel at the generator
side VSI, P g p2p is the inductor losses (Equations 4.20 and 4.32), and P; g1 v 54
and Pgiode,v 54 are the IGBT and diode losses of one switch at the generator side
VSI, defined by 3.36 and 3.37, respectively. The average and RMS collector cur-
rent (/) of each switch is calculated according to the models presented in section
6.2 for SVPWM modulation [46].

The volume and mass are calculated by equations 6.49 and 6.50, which are rewrit-
ten here:

Volysg =6 npg - Volgy + Volrrpap + Voleap, B2B,

Massysg =6 -npg - Massg, + Massprpap + Masscap B2B-

From the models presented in chapters 3 and 4, it is possible to evaluate the power
losses, volume and mass for the VSI at the generator side as a function of the
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switching frequency (fs,1) and the input power of the module (F,,). Figure 7.5
shows an example of the power losses of the VSR as a function of the switch-
ing frequency for an output power of 1 MW. The total volume of the VSR as a
function of the switching frequency is shown in Figure 7.6. Due to limited space,
evaluation of the mass is not shown, but its behaviour is similar to the volume
of Figure 7.6. As stated in chapter 6 and from Figure 7.5, it can be noted that
power losses increase with switching frequency, but there is a switching frequency
that minimizes the volume (and also the mass). The optimal switching frequency
can then be obtained for each nominal power of the module. In this chapter, the
switching frequency has been selected to minimize the following function:

Ploss,VSg VOlVSg MCLSSVSg

OF, = — - - )
g min{Possvsg}  min{Volysgen} min{Massysy}

Figure 7.7 and Figure 7.8 show the results of this sub-optimization. Figure 7.7
presents the selected optimal switching frequency as a function of the module nom-
inal power. The switching frequencies minimizing the power losses, volume and
mass are also shown in Figure 7.7. Discontinuities in the curves are caused by the
different number of IGBT modules connected in parallel (n,,,), which is indicated
in each figure. Figure 7.8 shows the volume, mass and relative power losses for
different nominal power ratings evaluated at optimal switching frequency.

7.2.2 Conventional B2B with sinusoidal output (B2B3p)

The B2B3p topology is shown in Figure 7.4 (at the top right). This is the con-
verter that is traditionally used for AC-AC conversion. An output LC-filter is used
to smooth the waveform in the transformer input and also allows unity input dis-
placement factor operation at the maximum voltage transfer ratio. The LC-filter is
sized according to [69], where equations are derived to obtain the minimum dis-
placement angle at the transformer terminals. Inductance and capacitance are then
calculated by:

2
P, 3V

T pop=— e (7.5)
3'7T‘fcut'V(p2 or 4'7T'fcut'Pm
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where f.,+ is the cut-off frequency, set at twice the AC-Link frequency (f), and
Vi, is the output phase voltage of the converter. The switching frequency in the
DC/AC converter (transformer side, fg,2) is set at 8 times higher than the AC-
Link frequency. The output voltage of the converter is related to the DC voltage
by:

2v2 -V,

mg2

Vb1 = (7.6)

where mgs is the modulation index of the converter. A 10% safety margin for the
operation of the VSI is applied (mgs = 0.9), consistent with the criteria used for
the generator side of the converter. Thus, the output voltage at nominal operation
equals the nominal generator voltage (v/3 - Vi, = Vj). The three phase transformer
turn ratio for this topology is calculated by (7.7), where it is assumed that the
transformer is D-Y connected and the LC-filter output voltage equals the converter
output voltage.

7 - VDCout
Nrr—B2B3p 5 V6V, (7.7)
The DC Output LC-filter is designed to fulfil the requirements of relative peak-to-
peak current ripple of the output current (J;pc, limited to 10%) and the relative
peak-to-peak DC-voltage ripple (6,pc, limited to 5%). Thus, if we consider a
sinusoidal voltage at the second side of transformer, the following expression can
be obtained by theoretical derivation:

(6_\/3'7[-) 'V’%Cout
36'77'5iDC'ftr'Pm’

Lpc-B2psp = (7.8)

dipc - P
127 ftr . 6vDC’ . Vgcowg

Cpc—-B2B3p = (7.9)

7.2.3 B2B with single-phase Square wave output (B2B1p)

The converter topology analysed for B2B1p is shown in Figure 7.4 (at the bot-
tom right). The main difference between this topology and the B2B3p topology
is that the output in the B2B1p topology is square wave form, such that the filter
can be suppressed in the output. The B2B1p topology uses fewer switches than the
B2B3p topology and the switching frequency in the DC/AC converter (transformer
side) equals the AC-Link frequency. This topology, including the transformer side
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VSI, a transformer and an FBD, is normally called the FB converter. Phase-shift
modulation is the most efficient approach for this type of topology [56, 70]; there-
fore, this modulation scheme is considered in this chapter for B2B1p topology.
The design guidelines reported in [55] for this type of converter with phase-shift
modulation are considered. First, the transformer leakage inductance (/1) should
be considered to limit the amount of duty loss (D;q):

Lt < VAo D (Dp1 — D)
S

o 4'Pm'ftr (710)

where D, is the duty cycle (D;; < Dy,1 < 1), which is designed to be 0.9 at
nominal operation with a duty loss of 0.1. The single-phase transformer turn ratio
is then calculated by:

VDCout
Np,_ = 7.11
Tr—B2Blp Dot - Vier (7.11)

where D, is the effective duty cycle, defined as the difference between duty cycle
and duty loss (Dey1 = Dy1 — D). The DC output filter inductor and capacitor
for this topology are calculated based on the theoretical derivations presented in
[55], as follows:

(1 _Defl) ) vl%Cout
2'5iDC'Pm'ftr ’

Lpc-B2B1p = (7.12)

6iDC ' Pm : Defl

Cpc-B2B1p = (7.13)

5 .
ftr : 6UDC : VDC’out

7.24 B2B with Three-phase Square wave output (B2B3pSq)

Figure 7.4 (at the middle right) shows the topology of the B2B3pSq. In this case,
the output filter is not required because the square wave output voltage is applied
to the transformer winding. Furthermore, in this topology, the switching frequency
in the transformer side converter ( fs,,2) equals the AC-Link frequency. The phase-
shift modulation scheme reported in [71] is used here for this topology. Following
the same design process used for B2B1p topology, the transformer leakage induct-
ance per phase (l/s;3) should be considered to limit the amount of duty loss (D;3):

V1%01'Dl3
lsk:3 <
3'(Dn3_Dl3)'Pm'ftr

(7.14)
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(14 d;pc)

Dy3 < Dy < 1/3— Dy - (1= 0inc)
(2

where D)3 is the duty cycle, which is designed to be 0.2633 at nominal operation
with a duty loss of 0.0333. The three-phase transformer turn ratio is then calculated
by:

VDCout
Npy— g = —— (7.15)
Tr—B2B3pSq 6 - Def3 - VDCl
where D, r3 is the effective duty cycle, defined as the difference between duty cycle
and duty loss (D¢r3 = Dy3 — Dy3). The output DC filter inductor and capacitor
for this topology are calculated with the same criteria used for the B2B1p, with
theoretical derivations given by:

(1 _3'D€f3) ) Vgc’out
3-%ipc - Pm- for

Lpc—B2B3psq = (7.16)

0ipC + P - Deg3

. (7.17)
ftr ' 6’UDC : Vl%Cout

Cpc-B2B3pSq =

7.3 Matrix converter Topologies

7.3.1 The Direct and Indirect Matrix Converter (DMC/IMC)

The DMC, in Figure 7.9 is a direct AC-AC converter. Unlike the B2B, the DMC
does not feature a DC link capacitor, which saves volume and may increase life-
time. The IMC, in Figure 7.10, possesses a DC bus stage, but no capacitor. The
modulation scheme used for both matrix converters is the Indirect Space Vector
(ISV) Modulation scheme explained in [72], which is a convenient modulation
scheme for this application. Bidirectional switches are required in the DMC and
in the Current Source Rectifier (CSR) part of the IMC. A bidirectional switch can
be implemented by two IGBTs and two diodes connected as shown in Figure 7.9.
The switching frequency (fswarc) is selected to be 8 times the frequency of the AC
Link (f;-) [73]. The output line-to-line voltage of the matrix converter is related to
the generator voltage by:
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Figure 7.10: Indirect Matrix Converter (IMC)
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Vome = MSme Vg (7.18)

where m g, is the modulation index of the matrix converter (0 < mgme < \/3/ 2).
Following the same criteria described for the B2B converter, a 10% safety margin
on the nominal operation of the converter is considered (m g, = 0.78). Thus, the
output voltage at nominal operation is (.78 times the nominal generator voltage.
The input capacitor of the matrix topologies is chosen according to the capacitor
voltage ripple criteria presented in [50], which are based on both empirical engin-
eering approximations and theoretical derivation:

Pome
4- msme * va2 : fstC : 6Vmc : Cos(aomc)

Cyue = (7.19)

where cos(0,p1¢) is the power factor at the output of the matrix converter, and
dyvme 18 the relative peak-to-peak capacitor voltage ripple of the input voltage,
which is limited to 10% as in [50]. An output LC-filter is also needed to filter out
switching frequency harmonics. The inductance and capacitance of the LC-filter
are designed with the same criteria used for the B2B3p converter with (7.5).

The three phase transformer turn ratio for this topology is calculated by (7.20),
where it is assumed that the transformer is D-Y connected and the LC-filter output
voltage equals the converter output voltage. The DC output LC-filter is designed
with the same assumptions used for the B2B3p converter and the values are calcu-
lated with (7.8) and (7.9).

7 VDCout _ Nr,_B2B3p
36 Ve 0.78

Nrr—pc = (7.20)

7.3.2 Reduced Matrix Converter (RMC)

The RMC is a direct AC-AC converter with a three-phase sinusoidal wave as an
input and single-phase high frequency square wave as an output. This topology
has been widely studied [4, 59, 74] and its basic scheme is shown in Figure 7.11.
The RMC is operated as a current source converter, and the modulation schemes
for the RMC are presented and analysed by [4]. SVM was reported to be the most
efficient modulation scheme; therefore, it is considered in this comparison and its
characteristics and parameters are taken from this study. The input capacitor of the
RMC is chosen in the same way as for the DMC and IMC converters, see (7.19).
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Figure 7.11: Reduced Matrix Converter (RMC)

Following the criteria presented in [4], the single-phase transformer turn ratio is
calculated by:

2 VDC’out
N pajer = 4/ = - 7.21
Tr=RMC \/g mgy, - Vg - cos(0y) ( )

where mg,, is the modulation index of the RMC (0 < mg, < 1), which is con-
sidered to be 0.9 at nominal operation to keep a safety margin of 10%, like in the
other converters. The DC output filter inductor and capacitor for this topology are
considered to be the same as for B2B1p topology, and are calculated by (7.12) and
(7.13).

7.3.3 Clamp Circuit

All matrix converter topologies considered in this chapter require a clamp circuit
because unlike the B2B converter, they do not have a natural free-wheeling path in
case of converter shut-down [75]. The protection scheme (clamp circuit) presented
in [59] is considered in this study, and is shown in Figure 7.12. The criterion
that must be considered for the design of the clamp circuit capacitor is that the
energy accumulated in the machine, when an abnormal operation is forced, must
be transferred to the capacitor, which is connected to an increase in voltage given
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by:

2
P,
Cot* (Viraz — Vi) =3 Ly- v 722
l (clMaac Cl) 9 (ﬁ-%-608(99)> ( :

where V; is the clamp circuit steady state voltage (V,; =~ ﬂVg), VeiMaz 18 the
maximum voltage of the circuit, and L, is the phase inductance of the generator.
The maximum voltage Vjpsq, 1S limited to protect the semiconductor devices
in the matrix converter. Since 1.7 kV IGBTs are used to implement the power
switches, 1.36 kV (0.8 - Vogpiock) 18 selected as the maximum voltage. The clamp
capacitor can be calculated from (7.22) for a given power, and volume and mass
can be evaluated using (4.41) and (4.42), respectively.

Current and voltage ratings of semiconductor devices in the clamp circuit are as-
sumed to be the same as in the main converter. Two bridge diode rectifier modules
are considered for clamp circuits of matrix converter topologies. The main para-
meters are shown in Table 3.3. The clamp circuit does not consume any power dur-
ing the normal operation of the system; therefore, clamp circuit power losses are
not included in the calculation of total losses. It is also assumed that the clamp cir-
cuit module is cooled by mounting it on top of the heat sink of the main switches of
the converter. The volume and mass of the clamp circuit are calculated by adding
the volumes and masses of the FBDs, clamp capacitor and IGBT module:

VOlclamp = 2VvOlBDR + VOZC,clamp + VOlmod,clampy
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Table 7.1: General transformer design parameters

Parameter Value
Magnetic Material Metglas alloy 2605SA1
Saturation Flux density Bgt=1.56T
Flux density safety factor Bm/B,a:=0.8
coefficients [, fo] [1.47,1.52]
Maximum temperature rise ATp,.=80 °C
Minimum strand diameter dsmin = 0.0251mm
Maximum Current Density Imaz = 4 A /mm?
Maximum number of layers PlayeriMaz = 10
Player2Maxz = 40
Ambient temperature 40 °C

Masscamp = 2Massppr + Massc clamp + M assmod,clamp-

7.4 Transformer Volume and Mass evaluations
for different converter topologies

The design methodology presented in chapter 5 is used here to evaluate the volume,
mass and power losses of the MFT for the different converter topologies. General
parameters used in the transformer design are presented in Table 7.1. Metglas alloy
2605SAT1 was chosen as a core material, as suggested for offshore wind farms in
[1]. Besides the parameters presented in Table 7.1, other parameters also depend
on the converter topology, including: the transformer turn ratio (Np.), the wave-
form factor (K, ¢), the RMS primary voltage (Vpms), the total apparent power
(Sm) and the maximum primary current (/p,qz). Table 7.2 compares these para-
meters for the considered converter topologies; some of these parameters are nor-
malized to facilitate the comparison.

As an example, the volume/mass has been evaluated for a 3.3 MW power trans-
former with the design parameters for the six different converters in Figure 7.13.
Figure 7.13 also shows how the volume-mass of the transformer depends on the
frequency when it increases from 500 Hz to 20 kHz. The values in Figure 7.13 res-
ult from the design of the transformer, which minimizes objective function (5.7) for
each frequency. In general, transformer volume and mass decrease as frequency
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Figure 7.13: Transformer volume-mass frontier variation with AC-link frequency for 3.33
MW transformer

increases. Furthermore, solutions with a single-phase transformer (B2B1p and
RMC) have a higher volume and mass than those with a three-phase transformer
(B2B3p, B2B3pSq and DMC/IMC).

7.5 Full Bridge Diode Rectifier

The FBD is implemented by discrete diodes, and diodes connected in series have
been considered to fulfil the output voltage. An output LC-filter limiting the DC-
voltage and DC-current ripple is also considered. The parameters of the Infineon
Diode modules are shown in Table 3.3 and they have been used here to estimate
power losses, volume and mass with the models presented in chapter 3. The power
losses, volume and mass of the DC capacitor and Inductor are calculated by the
method shown in chapter 4.

7.6 Simplification of switching losses

To reduce the complexity of the evaluation of equations 3.11 and 3.12, in this
chapter, the switching losses in the IGBTs and diodes are calculated with a slightly
simpler loss model that involves only linear functions:
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Etest
Esw =

=7 Vep-loe=Kg-Vegp-Io
Vtest : Itest

where V5, is the voltage in the switch device at moment before it is turned on
or after it is turned off and I is the current through the switch device at moment
before it is turned off or after it is turned on. The values of Ficsr, Viest and Liest
can be found in the data-sheet of the devices for each type of commutation (turn
on, turn off or reverse recovery [rr]). The parameter K is included in Table 3.3
for each type of commutation. To calculate the average switching loss, the sum of
each commutation energy (Fj,,) over a time period and divided by the time period
are computed and added:

1

Psw = T Z (Esw,on + Esw,off + Esw,rr) . (7~23)

To reduce the complexity of the evaluation of (7.23), (7.23) has been approxim-
ated by empirical engineering based on simulation data for each topology. The
following expression can then be used:

Psw ~ (KE,on + KE,off + KE,rr) : Wn . Io . Sf“”(fsw)a (724)

Sfun(fsw) = k'pl : fsw + pr

where V;,, is the RMS input voltage of the VSI or Matrix Converter (MC), I, is the
RMS output current of the VSI or MC, depending on the case, f, is the switching
frequency, and kp; are the polynomial regression coefficients as a function of the
topology, modulation strategy and power factor. As an example, Fig. 7.14 shows
the function S fun( fs,) for different converter topologies with a 0.9 power factor
and the modulation strategies described in section 7.2. In Fig. 7.14, VSI-SVPWM
refers to a VSI with sinusoidal output and SVPWM modulation [46], DMC-ISV
to the DMC with ISV modulation [73, 72], IMC-CSR-ISV to the current source
rectifier of the IMC with ISV modulation [73, 72], IMC-VSI-ISV to the VSI of
the IMC with ISV modulation [73, 72], RMC-SVM to the RMC with space vector
modulation [59], and VSI-1SQ to a VSI with single phase square wave output [55].

7.7 Comparative Analysis

The volume, mass and power losses are evaluated here for a 10 MW complete
modular power converter with a different number of modules. The WECS shown
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Figure 7.14: Function Sfun for different converter topologies.

in Figure 7.3 and the topologies for the AC-AC converter shown in Figure 7.4
and Figures 7.9-7.11 are compared. The system parameters and design constraints
used in the comparison are indicated in Tables 7.1, 7.2, 7.3 and 7.4. Configurations
that do not correspond to the requirements in the thermal and magnetic design are
not shown. The FBD is implemented by discrete diodes and one output LC-filter is
considered to limit the DC-voltage and DC-current ripple. The parameters of the
Infineon Diode modules are shown in Table 3.3 and they are used here to estimate
the power losses, volume and mass with the models presented in chapter 3. The
volume and mass of the DC capacitor and Inductor are calculated by the method
presented in chapter 4.

7.7.1 Minimum losses

First, an optimization problem has been solved to find the solutions with the smal-
lest power losses as a function of the AC-Link frequency and the number of mod-
ules. Figure 7.15 and Figure 7.16 show the solutions with minimum power losses
for each converter topology analysed. From Figure 7.15, it can be noted that power
losses increase exponentially with AC-link frequency. In general, topologies based
on a squared waveform are more efficient than those based on a sinusoidal wave-
form, mainly because sinusoidal waveforms require higher switching frequencies
in the AC-AC converter. Figure 7.16 shows the realtionship between power losses
and the number of modules. Power losses increase with the number of modules for
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Table 7.3: System parameters and design variables for the 10[MW] modular converter

Parameter Symbol \ Value
Total Power Proia 10 MW
Input Voltage line-line Vy 690 V
Output DC Voltage Vbcout 33kV
AC-Link Freq. fer (500 Hz,...,20 kHz)
Number of modules N (1,...,25)
Input Power Factor PF, 0.9
Nominal generator frequency fi 50 Hz
Equivalent gen. inductance per phase Ly le-4 pu
Overload factor ko g 0.3
Ambient temperature Tomb 40 °C
Volume utilisation factor Cpy 0.6

Table 7.4: Design constraints and references models for the 10 MW modular converter

Constraint Symbol Value
Safety factor for DC voltage Kvde 0.6
Safety factor for peak voltage Eup 0.8
Safety factor of thermal design Kgpr 0.8
Relative Input current ripple OiLin 3%
Relative DC-voltage ripple duDC 5%
Relative DC-current ripple d;pC 10%
Relative input voltage ripple OVme 10%
Max. relative inductor voltage OV L,max 30%
Makx. relative heat sink volume OHS, max 5
Min. heat sink thermal resistance | Ry, 58 min 15 K/kw

Heat sink model

DAU series BF-XX with axial fan
SEMIKRON series SKF-3XX at 10m/s

DC Inductor model

Siemens series 4EUXX — Cu.

AC Inductor model

CWS series TPC - Cu.

DC Capacitor model

MKP DC B256xx-series

AC Capacitor model

MKP AC B2536-series
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Figure 7.15: Minimum Power losses vs AC-Link frequency for the complete modular
converter with a rated power of 10 MW

solutions based on B2B topologies; however, for solutions based on matrix topo-
logies, a small increase in the number of modules reduces total power loss, and 5,
6 and 3 modules produce the smallest power losses in solutions with IMC, DMC
and RMC topologies, respectively. Solutions based on RMC are the most efficient
for all frequencies and any number of modules selected. The smallest loss (1.41%)
is achieved for the RMC when the number of modules is 3 and the frequency is
1.062 kHz.

7.7.2  Minimum Volume

Figure 7.17 and Figure 7.18 show the total volume of the converters as a function
of of AC-link frequency and the number of modules, respectively. From Figure
7.17, it can be observed that the most compact solutions are achieved with RMC
topology and AC-link frequencies above 7 kHz. However, in contrast with RMC
solutions, solutions based on B2B3pSq topology show volume increases of around
16% in frequencies ranging between 2 kHz and 3 kHz. Although RMC topology
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Figure 7.16: Minimum Power losses vs Number of modules for the complete modular
converter with a rated power of 10 MW

produces the most compact solution, it can be noted from Figure 7.17 that RMC
topologies give rise to the bulkiest solutions for frequencies below 3 kHz, at which
solutions based on B2B3pSq and DMC topologies show lower volumes.

From Figure 7.18, it can be noted that for RMC topologies, solutions with one
module are less compact than those with several modules. In fact, the most com-
pact solution when one module is selected is achieved with B2B1p topology. In
addition, it can be noted that the minimun volume for all topologies is achieved for
a number of modules ranging between 12 and 15.

Finally, the RMC topology achieves its lowest volume of 9.48 m? with 12 mod-
ules and an AC-Link frequency of 20 kHz. By contrast, the B2B3pSq solution
achieves its lowest volume of 11.01m? when the number of modules is 14 and
the frequency is 2.62 kHz, whereas the DMC solution achieves its lowest volume
of 11.45m3 (21% more than the minimum volume for RMC topology) with 14
modules and a frequency of 1.8 kHz.
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7.7.3 Minimum Mass

A third optimization problem has been solved to find the solutions with minimum
mass as a function of the AC-Link frequency and the number of modules, as shown
in Figure 7.19 and Figure 7.20. From Figure 7.19, it can be observed that an in-
crease in frequency is beneficial for solutions based on a square waveform but not
for the other solutions (based on a sinusoidal waveform). The solutions with the
lowest possible mass are achieved with B2B3p and DMC topologies for AC-link
frequencies below 1 kHz. However, solutions based on B2B3pSq and B2B 1p topo-
logies show mass increases of around 20% for frequencies above 10 kHz. Further-
more, it can be noted from Figure 7.19 that RMC topology produces solutions of
high mass for frequencies below 4 kHz, but for frequencies above 16 kHz, the res-
ulting mass with RMC topology is similar to that with B2B3pSq topology (around
21% more).

From Figure 7.20, it can be noted that solutions with B2B3p or DMC topologies
produce the solutions with the lowest mass for any given number of modules. In
addition, an increase in the number of modules will increase the total mass of the
solution, except for B2B1p and B2B3pSq topologies, for which minimum mass is
achieved when 3 modules are used. From Figure 7.19 and Figure 7.20, it can be
noted that solutions with similar waveforms show similar behaviour regarding the
dependency of total mass on frequency and the number of modules.

Finally, B2B3p topology achieves its lowest mass of 10.15 ¢ with 1 module and an
AC-Link frequency of 600 Hz. By contrast, DMC topology attains its lowest mass
of 10.78¢ (6% more than B2B3p) when the frequency is 630 Hz and the number
of modules is 3. Additionally, the B2B3pSq solution achieves its lowest mass of
12.23t (20% more B2B3p) when the number of modules is 3 and the frequency
is 12.73 kHz, whereas that RMC solution attains its lowest mass of 12.81¢ (26%
more than the minimum found for B2B3p) with 1 module and a frequency of 20
kHz.

7.8 Comparison of the optimal solutions - Pareto Front

From Figure 7.15 to Figure 7.20, it can be observed that there is no single solu-
tion that minimizes all performance indexes. Instead of one solution, there is a set
of solutions that provide the best trade-off between the volume, mass and power
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Figure 7.19: Minimum Mass vs AC-Link frequency for the complete modular converter
with rated power of 10 MW
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losses. This set of solutions is called the Pareto set, and if there are three perform-
ance indexes, it is called a Pareto surface. Figure 7.21 shows the Pareto surface
of the performance indices (Pross, V 0lrotal, M assrorar). Figures 7.22-7.24 show
the projection of the Pareto surface onto the two-dimensional planes creating the
Pareto-Front of each couple of performance indicators: power losses vs. volume
(Figure 7.22), power losses vs. mass (Figure 7.23) and volume vs. mass (Figure
7.24).

From Figure 7.22, it is evident that solutions based on RMC topology produce the
best trade-off between volume and power losses and between 7 and p. Moreover,
the slope of the Pareto-Front in RMC solutions suggests that even more compact
solutions can be achieved without substantially increasing the total power losses.
Indeed, this improvement can be achieved by increasing the AC-link frequency
above 20 kHz, as observed from Figure 7.17. In terms of mass and power losses,
two topologies constitute the Pareto-Front, B2B3p and RMC, as shown in Fig-
ure 7.23. However, only two solutions based on B2B3p are in the Pareto-Front,
whereas the Pareto-Front includes several solutions based on RMC topology. By
contrast, when only mass and volume are considered, as shown in Figure 7.24, the
Pareto-Front is composed of solutions based on four topologies: B2B3p, DMC,
B2B3pSq and RMC. Finally, solutions based on RMC topology belong to all
Pareto-Fronts presented in Figures 7.22-7.24, and solutions based on IMC topo-
logy do not belong to any Pareto-Front.

The following equation can be used to quantify the trade-off between the three
performance indexes and to choose a representative solution for each topology:

A= PLoss VOlTotal MaSSTotal

— (7.25)
F)lossMin VOle MassMin

where Prossirin, Volarin and Massyy;, are the minimum power losses, volume
and mass, respectively. In this study, Prossarin = 1.41%, Volyrin = 9.48m3 and
Massysin, = 10.15t have been selected based on the results presented in Figure
7.15,7.17 and 7.19. The representative solution for each topology is then selected
to minimize (7.25), and these are highlighted in grey in Figure 7.21. Of note,
representative solutions do not belong to all Pareto-Fronts.

Finally, the resultant main properties of the representative solutions of the B2B3p,
B2B3pSq, DMC and RMC are summarized in Table 7.5 and six characteristic
performance indicators are presented in Figure 7.25. In this last comparison, IMC
and B2B1p topologies are not considered because these solutions do not belong
to the Pareto-Surface. The two additional performance indicators are defined as
follows:
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e Normalized total cost of the semiconductor modules in the AC-AC con-
verter:

_ I
Crat = Ni - > Ny 1y - I”p; (7.26)
re

where N, is the number of unidirectional switches in the AC-AC converter, I,
is the nominal current of the power module, and I,..71 is a reference current rating
for IGBT modules (I,.f1 = 3.6 kA is considered). This performance indicator as-
sumes that the cost of semiconductor module is proportional to the semiconductor
power rating.

* Normalized total cost of the power diodes in the FBD:

InD
Iref2

Crpp = Np- ) Np-ns- (7.27)

where Np is the number of diodes in the FBD (6 in three-phase and 4 in single-
phase), I,p is the nominal current of the power diode, and I,y is a reference
current rating for power diodes (,.fo = 750A is considered). This performance
indicator assumes that the cost of the power diode is proportional to the diode
power rating.

In Figure 7.25, the area spanned by the polygon curves can be considered to be a
relative measure for comparison. The better the solution is, the smaller the area.
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Figure 7.21: Pareto surface of the performance indicators for a 10 MW modular power
converter and considering different topologies.
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Figure 7.22: Power losses vs. volume. Projection of the Pareto surface to the two-

dimensional planes Prss- V olrotq; creating the Pareto-Front for a 10 MW modular power
converter and considering different topologies.
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Figure 7.23: Power losses vs. mass. Projection of the Pareto surface to the two-
dimensional planes Pr,ss- Massroiq creating the Pareto-Front for a 10 MW modular
power converter and considering different topologies.
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Figure 7.24: Volume vs. mass. Projection of the Pareto surface to the two-dimensional
planes Volroar - Massroie creating the Pareto-Front for a 10 MW modular power con-
verter and considering different topologies.

Table 7.5: Summary of representative solutions properties.

B2B3 B2B3pS
Topology 1 <7g | \})Str VSg | VSE(%,L)* DMC | RMC
ny 1 2 1 4,2) 1 2
Inpm (kA) 2 269 2 (3.1,3.1) 2.3 2.8
Nyw 6 6 6 (3,3) 18 12
Crum 73.8 56.1 103.4 | 74.8
N 17 19 17 17
L.p (A) 43.1 80.4 287 | 64.7
Crep 35.2 36.6 352 | 234
No, 6 3 9 4
fer (KH z2) 0.5 2.43 0.5 | 6.97
PrLoss [%)] 4.17 2.92 412 | 1.95
Volrotar (m3) 16.79 15.9 15.38 | 13.18
Masstota (t) 11.87 14.58 12.75 | 14.87
A 5.9 5.18 58 | 424

*VSg: VSI gen. side; VStr: VSI transf. side; U: upper switches; L: lower switches.
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Figure 7.25: Comparison of the representative solutions using six performance indicators.



Chapter 8

Conclusions

In this thesis, a meta-parametrised approach and main component meta-modelling
were used to evaluate the power loss, volume and mass of the high power WECS
[12, 13, 15]. Although the proposed method has been designed for an offshore
wind energy system, it is applicable to a wide variety of systems based on power
electronics components, such as automotive electric conversion system, smart grid
systems and renewable energy applications such as, inter alia, wind, wave and
solar energy systems. The method has been designed with flexibility to be able to
integrate the properties of new semiconductor devices such as wideband gap (Sil-
icon Carbide, Gallium Nitride) and/or new materials such different core materials
for transformers.

In the proposed method, the system is first characterised, then a set of figures
of merits are evaluated for a set of design parameters. Finally, a multi-objective
optimisation is performed and the Pareto concept is used to present the set of solu-
tions (for different sets of parameters) to identify the best trade-off of the per-
formance indicators. Therefore, the approach does not identify a unique solution;
instead, a set of solutions are obtained and other criteria can be used to choose the
final solution, thus giving freedom in the design process and flexibility in the final
decision.

8.1 Comparative Study of WECS Based on a Medium Frequency
AC-Link for Offshore DC-Grids

In chapter 7, the approach presented in this thesis and required to evaluate the
power losses, volume and mass of six different WECS based on MFT with the
scheme of Figure 7.3 was applied to compare B2B3p, B2B3pSq, B2B1p, DMC,
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IMC and RMC topologies in the AC-AC converter stage for a 10 MW WECS with
a PMSG that is suitable for offshore DC-grids. A modular approach in the power
converter was considered and the impact of the number of modules on variation in
the performance indicators was studied.

All six AC-AC converters are designed to be connected to a PMSG with a line-
to-line voltage of 3x690 V (RMS), 50 Hz and a power factor of 0.9 at nominal
operation. Three performance indicators (power losses, volume and mass) are in-
vestigated for an AC-link frequency in the range of 500 Hz to 20 kHz. Furthermore,
1.7 kV IGBT4 modules and 3.3 kV diodes (Infineon) were used to obtain the main
parameters of the semiconductor devices as a function of their nominal current.
The semiconductor device cooling system was designed such that at nominal op-
eration, the maximum junction temperature does not exceed 135 °C with a worst
case scenario of 30K variation in maximum junction temperature. IGBT modules
connected in parallel were considered and the main effects of this connection on
power losses in the switches were determined.

The considered MFT design method takes into account different parameters. It
was shown how these parameters vary according to the type of AC-AC converter
topology. The magnetic alloy 2605SA1 from Metglas was considered to be the
core material of the MFT; however, other magnetic materials can be considered
in future studies applying the method presented here, because the volume/mass of
the transformer at the lower frequencies of the range considered make up more
than 60% of the total volume/mass (in most cases) and the use of amorphous or
nano-crystalline core materials can improve the p of the MFT.

The modulation technique selected for each topology strongly affects the com-
parison because power losses of the converter depend on modulation. The most
efficient modulation techniques for each topology were selected from previous
work on the same application area (offshore DC-grid WTs connected in series).
However, more efficient modulation techniques for the B2B3p topology have been
reported in other types of application [46]. These techniques may be considered in
future work to study further how the modulation technique affects the performance
metrics considered in this thesis.

RMC topology was selected as the topology of the AC-AC converter in Figure
7.3 because it provides the most efficient solution for any frequency (within the
considered AC-link frequency range of 500 Hz to 20 kHz) and number of modules
connected. RMC topology results in more than 1.5 times lower power losses than
B2B topologies based on a squared waveform and more than 2.6 times lower power
losses than topologies based on an AC-link sinusoidal waveform (cf. Figure 7.15).
Furthermore, it was shown that power converters with RMC topology produce the
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most compact solution when more than one module is connected and the AC-link
frequency is higher than 7 kHz. In general, an increase in frequency above 500 Hz
reduces the total volume, but this behaviour is limited until around 3 kHz (except
for RMC topology), above which the volume increases with frequency. This trend
is more predominant for topologies with a sinusoidal waveform (cf. Figure 7.17),
which require more switches connected in parallel and a bulky cooling system
because of losses in the converter. RMC topology enables a 1.16 times lower
volume than the lowest volume achieved with any other topology.

Although RMC topology produces the most efficient and compact solution, this
topology also results in the heaviest solutions for frequencies below 4 kHz. In-
deed, at frequencies above 4 kHz, RMC topology produces solutions with a 1.26
times higher mass than those of B2B3p topology, which is the topology that pro-
duces the lowest mass at low frequencies. Therefore, no unique solution exists that
minimises all performance indicators.

Finally, the use of an additional indicator which quantifies the trade-off between
the three performance indexes was suggested. Representative solutions for B2B3p,
B2B3pSq, DMC and RMC topology, selected to minimise the suggested indicator,
were compared. The representative solution based on RMC topology enables 41%
less volume and 2.14 times lower losses than that based on B2B3p topology, al-
though this solution has 1.25 times lower mass than the RMC solution. The DMC
representative solution is 17% lighter than the RMC solution, but has 17% more
volume and 2.1 times more losses. By contrast, the B2B3pSq representative solu-
tion enables only a 2% reduction in mass, despite having 20% more volume and
1.5 times more losses than the RMC solution. Furthermore, when two additional
performance indicators regarding the cost of semiconductors in the AC-AC con-
verter and the FBD were taken into account, the RMC solution enabled around
a 50% reduction in the cost of FBD devices compared to the other topologies.
The cost of the IGBT modules for the RMC solution was approximately equal to,
1.38 times lower than and 1.33 times higher than that for the B2B3p, DMC and
B2B3pSq solutions, respectively (cf. Figure 7.25). From the perspective of the
considered performance indicators, the RMC clearly is the preferred choice for
WT modular converters based on a medium frequency AC-link with the Metglas
alloy 2605SA1 as the core material of the MFT and the system parameters con-
sidered in chapter 7. However, the total cost of the converter and the reliability and
complexity of the considered solutions may influence the obtained conclusion, and
these performance indicators should be taken into account in future work to obtain
the most generalised conclusion.
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8.2 Future work

Some of the possible applications for the proposed approach are:

* To determine partially, the best solutions for a new application regarding
state-of-the-art converter topologies, modulation strategies, component tech-
nologies and system parameters.

* To detect key components/parameters to optimise a standard solution.

* To quantify the impact of a new component technology on the state-of-the-
art solutions for a given application.

Although power switch valves based on IGBT semiconductors were considered
in the present research, the models can be easily extended to include other types
of semiconductors like IGCT, MOSFET or JFET. Given that detailed models in-
cluding parameters to quantify the effects of parallel connection of semiconductors
were used, low rating devices connected in parallel can be considered. Moreover,
the model also includes devices connected in series, which ensure that the voltage
rating of the application is reached. These hybrid models can identify the most
relevant semiconductor parameters in a given application and assign them as in-
puts/requirements for the development of future or new types of semiconductor
devices.

Furthermore, the simplified design process of the MFT developed in the present
research can be used in future research because the MFT is the most important
component in the Solid State Transformer (SST), which is the key component in
most applications with insulated DC/DC converters, like future power distribution
systems interfacing energy storage systems, VAR compensation, harmonic filter-
ing and voltage conversion (renewable energy systems interfaced by SST). The use
of new core materials in combination with new semiconductor devices can also be
investigated and the synergistic effect of their combination will enable the creation
of new compact and high 7 solutions leading to a major breakthrough in this field.
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