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Summary

Offshore wind power is projected to have an exponential growth in the coming decades
as the world needs affordable low-carbon and renewable energy resources. The modular
High Voltage Direct Current (ModHVDC) generator is a new design for generator and
electrical drive train, that proposes a transformer-less concept with a single conversion
step to achieve 100 kV HVDC potential. By segmenting the stator of a permanent mag-
net synchronous generator, the machine forms multiple equivalent three-phase generators.
Connecting these stator segments to series-connected power converters enables HVDC in
a single conversion step. Thus, this technology aims at extending the use of HVDC in
offshore wind power grids.
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Figure 1: ModHVDC generator concept in this thesis.

This master thesis emphasizes the power electronic converters related to the ModHVDC
machine. Special technical challenges arise due to the stator segmentation and multiple
power converters. Adequate control methods are required for high performance and reli-
able operation. Additionally, the 100 kV DC-potential necessitates dedicated converters
for safe and efficient operation. Research for energy-efficient and high performing power
electronic converters was the focus for this thesis, where power converter performance,
semiconductor losses and DC-bus voltage control methods was studied. The intention was
to use the results for future lab-scale realization of the ModHVDC generator to increase
the technical readiness level of the technology.

A comparison between a three-level neutral point clamp converter (3L-NPC) and a con-
ventional two-level voltage source converter (2L-VSC) was carried out in terms of their
performance. More precisely, performance was measured by studying the state variables
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behaviour, voltage and current waveform, power quality, losses and efficiency for both
converters when the wind turbine was subjected to various wind speeds. This was con-
ducted in Simulink, where simulation setup, results and a summary are presented in chap-
ter 5. The results showed that even though a stable operation was achieved with both con-
verters, the 3L-NPC showed better power quality, reduced DC-link current ripple, lower
losses and higher efficiency than the 2L-VSC. Based on the results, the 3L-NPC converter
was concluded to be a suitable converter for use and future research for the ModHVDC
generator.

Semiconductor losses with a 3.3, 4.5 and 6.5 kV industrially available IGBT module were
calculated in chapter 4 by the use of analytical calculation loss models. The purpose of
the study was to compare benefits of using multiple lower voltage rated modules or fewer
higher voltage rated modules with both converters. The results showed that the 3.3 kV
IGBT module had the lowest losses. Additionally, the calculation supported the simula-
tion results as the 3L-NPC converter was more efficient than the 2L-VSC.

DC-bus voltage control methods were studied in chapter 3 and concerns balancing the
DC-bus voltages of all converters. Both the challenge and potential solutions for control
strategies were presented. Eighth generator/converter modules were assigned with normal
distributed parameters for simulating a natural voltage variation between modules in a
full-scale application. The results show that the alternatives for having identical DC-bus
voltages are either accepting overloading of some modules or lower the power output of
each module to the module with lowest output power. For this specific case, the former led
to a current overloading of 0.048 pu (8 A), while the latter resulted in a power reduction
of 4.5 %, which could accumulate to 1.3 GWh/year for a 10 MW offshore wind turbine.
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Sammendrag

Offshore vindkraft spås å ha en eksponentiell vekst de neste tiårene da verden trenger
kostnadseffektiv og fornybar energi. Den modulære HVDC (ModHVDC) generatoren er
et nytt design for å oppnå 100 kV HVDC i ett omformingssteg uten transformatorer. Ved å
segmentere statoren til en permanentmagnetgenerator blir hvert statorsegment å regne som
en trefase generator. Ved å koble segmentene til seriekoblede kraftomformere muliggjøres
HVDC i ett omformingssteg. Dermed tar teknologies sikte på å utvide bruken av HVDC i
offshore vindkraft.
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Figure 2: ModHVDC generator konspetet i denne oppgaven.

I oppgaven har teknologien vært konseptualisert i en 10 MW vindturbin. Kraftomformeren(e)
har vært fokusområdet i vindturbinsystemet. To forskjellige omformeres ytelse i app-
likasjonen har vært sammenlignet, tap tilknyttet halvlederne i omformerne og kontrollme-
toder av omformerne har vært studert. De neste tre avsnittene oppsummerer metode og
resultat tilhørende hvert punkt.

Ytelse ble studert ved å sammenligne en “three-level neutral point clamped” (3L-NPC)
omformer og en “two-level voltage source converter” (2L-VSC). Ytelse ble målt ved å
studere tilstandsvariablene i systemet, kurvene til spenning og strøm og kraftkvaliteten i
tillegg til tap og effektivitet for begge omformere for en rekke forskjellige vindhastigheter.
Dette ble gjennomført i simuleringsprogrammet Simulink hvor tilhørende oppsett og re-
sultater gis i kapittel 5. Resultatene viste at systemet var stabilt for begge omformerne.
3L-NPC-omformeren viste bedre kraftkvalitet, redusert variasjon i DC-link strøm, lavere
tap og høyere effektivitet sammenlignet med 2L-VSC-omformeren. Basert på resultatene
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ble det konkludert med at 3L-NPC-omformeren utkonkurrerer sin motpart og det er an-
befalt at førstnevnte omformer brukes i videre studier eller praktiske forsøk i istedenfor
sistnevnte.

Tap i 3.3, 4.5 og 6.5 kV industrielt tilgjengelige IGBT moduler ble beregnet i kapittel 4 ved
bruk av analytiske beregningsmodeller. Formålet var å studere og sammenligne forskjel-
lene mellom å bruke flere 3.3 kV moduler, få 6.5 kV moduler eller et kompromiss ved å
bruke 4.5 kV moduler. Resultatene viste at 3.3 kV modulen hadde de laveste tapene. Alle
modulene ble evaluert i begge omformerne og resultatene viste at 3L-NPC-omformeren
var mer effektiv enn sin motpart i alle tilfeller, hvilket simuleringsresultatet i kapittel 5
støtter.

Kontroll av DC-busspenningene med tilhørende utfordringer og løsninger ble presentert i
kapittel 3. En casestudie med åtte generator/omformer moduler med normalfordelte pa-
rametere ble brukt som utgangspunkt for å studere kontrollmetodene. Resultatene viser at
man enten må akseptere overbelastning av moduler eller senke effekten fra noen moduler
for å ha identiske DC-busspenninger. Overbelastning medførte at én modul ble belastet
med 0.048 pu (8 A) over nominell verdi, mens kraftreduksjonen var på 4.5 %, hvilket kan
tilsvare 1.3 GWh/år for en 10 MW offshore vindturbin.
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Chapter 1
Introduction

1.1 Offshore wind power

1.1.1 State of the industry and outlook on its future

The global energy sector is not on track to meet the energy-related requirements of United
Nations sustainable development goals. This relates to universal access to energy, health
impact of air pollution and climate changes. For the sector to be sustainable, the Interna-
tional Energy Agency (IEA) Sustainable Development Scenario (SDS) proposes a pathway
for the energy sector and policy makers for a sustainable and clean energy sector in the
coming decades [7].

Offshore wind power is in the SDS predicted to contribute to global energy marked decar-
bonisation and be the leading source of electricity in Europe [8, p. 3]. The SDS highlights
that the global energy market needs an exponential growth in offshore wind capacity. It
is predicted that global offshore wind capacity will increase from 23 GW in 2018 to 560
GW in 2040. This will lead to a 5% share of global electricity supply [8, p. 27]. The
cumulative investments of that vision equates to roughly $60 billion of annual investments
per year on average [8, p. 29].

However, present stated policies are not as ambitious as the requirements set by the SDS
[9]. Additional technical and political efforts are required to further accelerate offshore
wind power. Cost reductions, technology improvements and rapid deployment are some
of the factors addressed by the IEA [9]. The next chapter is dedicated to exploring one of
the technical innovation gaps that IEA addresses.

1.1.2 Required innovations

One of the three innovations gaps that IEA addresses is “reducing cost and risk of trans-
mission and distribution of electricity from offshore wind” [10]. Reducing the volume of
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High Voltage Alternating Current (HVAC) infrastructure and introduce High Voltage Di-
rect Current (HVDC) technology both internally in wind farms1 and from offshore wind
farms to onshore grid is of priority to fill this gap. The importance is further reinforced
by the trend of moving towards deeper waters and further from shore [8, p. 75], where
HVDC is seen as an enabling technology [10]. Additionally, the development of wind
power generator ratings beyond 10 MW will decrease future turbine share of capital [9].
The importance reducing the cost related to energy transmission and wind farm internal
cabling becomes more important.

1.1.3 Offshore wind farm connection technologies
The innovation gaps highlights the importance of HVDC in future offshore wind power
grids. In this chapter, a brief introduction to two typical transmission technologies are
presented.

Various types of network configurations and technologies exist for connecting an offshore
wind farm to onshore grid. Distinctive features between the typical and proposed configu-
rations are series or parallel connection of wind turbines and HVAC or HVDC internally in
wind farm and connection from offshore wind farm to onshore grid [11, p. 768]. Parallel
connection of wind turbines are at present most widely use [11, p. 769]. The use of HVAC
or HVDC for power transfer depends on multiple factors, but the transmission distance
can be decisive. AC transmission has a cost advantage over short distances, while HVDC
are preferred for transmission links of roughly 100 km or longer [8, Fig. 17].

HVAC internally in wind farm and to onshore grid

Figure 1.1 shows an example of HVAC for both internal wind farm interconnection and
transmission to shore. The output of the power converters are connected to a step-up trans-
former. The output of the transformer are fed further by cable to an wind farm substation.
This collection point has another step-up transformer to achieve a suitable voltage level for
larger power transfer over longer distance. The power is transmitted to the onshore grid
by a submarine cable [11, Ch. IX.B].

AC

DC AC

DC

AC

DC AC

DC

AC

DC AC

DC

Onshore grid

LV/MVGenerator Converter

Inside turbine

Wind farm substation

Shore

Onshore substation

Submarine cable

Figure 1.1: HVAC internally in windfarm and to onshore grid.

1Group(s) of wind turbines
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HVAC internally in wind farm and HVDC to onshore grid

In Figure 1.2 HVDC is used in the transmission link to the onshore grid. The wind farm
substation is now an AC/DC rectifier station, where the incoming AC voltage is stepped
up and rectified. The power onshore substation inverters power back to AC and supply
power to the grid.

AC

DC AC

DC

AC

DC AC

DC

AC

DC AC

DC

Onshore grid

LV/MVGenerator Converter

Inside turbine

Wind farm substation

Shore

AC

DC AC

DC

Onshore substation

Submarine cable

Figure 1.2: HVAC internally in windfarm and HVDC to onshore grid.

Both the onshore and offshore converter station are large high voltage and high power
converters. Numerous technologies for these converters exists, but the Modular Mul-
tilevel Converters (MMC) Voltage Source Converter (VSC) are popular. As an exam-
ple, the Dutch-German transmission system operator TenneT uses the MMC for HVDC-
transmission in many of their projects such as the BorWin Gamma platform [12, Tab. 7.1].
This converter have a voltage rating of 320 kV and power rating of 800 MW.

1.2 The modular HVDC generator

1.2.1 The concept and its advantages in offshore wind power

Common for the configurations seen in Figure 1.1 and Figure 1.2 are multiple AC/DC and
voltage conversion stages. The modular HVDC (ModHVDC) generator is a new design
for generator and electrical drive train, that proposes a transformer-less concept with a
single conversion stage to achieve HVDC potential in wind turbine terminals. This can be
an enabling technology for extending the use of HVDC in offshore wind power and hence
it addresses the innovation gap in chapter 1.1.2. Figure 1.3 show an example of how such
an HVDC network configuration might be.

The claimed advantages of the ModHVDC generator are reduction of offshore HVAC in-
frastructure, conversion stages and components. This can again augment reliability and
efficiency and ultimately reduce the cost of offshore wind power [13],[14],[15]. For real-
izing HVDC in a single transformer-less conversion step, a stator segmented permanent
magnet synchronous generator (PMSG) is proposed [13]. Each stator segment can be re-
garded as an equivalent three-phase generator. A power converter is dedicated to each
segment and the converters are series-connected on the DC-side for facilitating HVDC in
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Figure 1.3: Possible offshore wind farm configuration with the use of the ModHVDC generator.

a single conversion step. DC-side ground is placed in the middle of the DC-link. Figure
1.4 show the principal configuration for N number of generator/converters.

AC

DC

Generator Converter

Inside turbine

AC

DC
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AC

DC

AC

DC

1

i-1

i

N

Stator segment 1

Stator segment i-1

Stator segment i

Stator segment N

Generator Converter

Figure 1.4: Principle sketch of the ModHVDC generator concept.

1.2.2 ModHVDC generator in previous research
The generator has previously been conceptualized in a doctoral thesis from 2012 [1] as a
10 MW offshore wind turbine with a direct drive2 mechanical system and a nine-segment
generator/converter configuration that outputs 100 kV DC on the DC-link. Figure 1.5
illustrate that system.
Each generator segment had a rated voltage and current at roughly 6.5 kV and 100 A.
The power converter was the conventional two-level voltage source converter (2L-VSC).

2Gear-less mechanical coupling of turbine rotor and generator shaft.
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Figure 1.5: ModHVDC in previous research [1].

The thesis provided a detailed system description, a control system synthesis and presented
both simulation results and experimental results that proved the concept of the ModHVDC
generator. This thesis was an important foundation for the specialization project conducted
fall-semester 2019.

In the specialization project [16], two quantitative analyses and one qualitative analysis
were conducted. The two quantitative analyses was a platform to obtain a fundamental
system understanding. The first was a study of a conventional single segment PMSG and
a single 2L-VSC in a 1.25 MW wind turbine application. The second was a four-segment
generator/converter model where the machine was simplified to a stiff AC grid source
equivalent. The goal was to study AC and DC voltage distributions in the system. In the
qualitative analysis, a power converter review was conducted. The review gave insight to
what type of converter topology could be suitable for this offshore wind power application.
Power electronic converter topology and control was the focus of the specialization project
and will be further studied in this thesis.

1.3 Research motivation
Common for both works presented in chapter 1.2.2 is the 2L-VSC. The benefits of us-
ing multilevel converters in an application like the ModHVDC generator was explored in
the specialization project converter review. The fundamental motivation for using multi-
level converters in this application is related to the 100 kV HVDC potential. By using a
multilevel converter instead of the 2L-VSC, a reduction of semiconductor voltage stress,
reduced need for series-connection of semiconductors, higher converter efficiency and im-
proved power quality might be achieved [17]. However its can come with a cost of more
complex circuitry and more advanced control [18, Tab. 1].

The considered multilevel converters in [16] was a five-level MMC and the three-level
neutral point clamped (3L-NPC) converter. Additionally, the Vienna rectifier was investi-
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gated as an alternative three-level converter. The MMC was considered to be too complex
and was not recommended for future research in this thesis. The simplicity offered by the
Vienna rectifier was tempting for future research and therefor recommended. However,
in hindsight the analysis is considered to be limited and the benefits of the 3L-NPC con-
verter were underestimated. In addition to the former mentioned benefits, an important
motivational factor for studying the 3L-NPC converter relates to an industrial aspect and
feasibility for future laboratory implementation. The 3L-NPC converter is the most com-
mercialized multilevel converter and is predicted to still be widely used as a high power
medium voltage converter in future wind power industry [19, Ch. 8.1]. It might be a
realistic converter to be used in e.g. a lab-scale set-up and later stages in the ModHVDC
research project. Therefore, the scientific contribution of a 3L-NPC converter performance
in this application is seen as more valuable than compared to the Vienna rectifier, which is
not well known in wind power industry [18]. In short, the motivation for studying the 3L-
NPC converter is the combination of multilevel converter benefits, low circuit and control
complexity in addition to wide industrial use and availability.

One of the recommended topics for future research in [1, Ch. 7.2] was a converter loss
analysis and investigation of AC and DC-side ratings to converters and semiconductors.
The latter was addressed in the specialization project report by calculating required series-
connection of semiconductors in a converter for various system configurations [16, Ch.
4]. This is coupled with a loss analysis since the losses relates to number semiconductor
devices, AC-side current, DC-side voltage and type of semiconductor also influence losses.
It was suggested in [16] as future work to investigate losses in two ways.

1. Compare losses for a chosen converter and benchmark results to a 2L-VSC

2. Compare losses of various voltage rated Insulated Gate Bipolar Transistor (IGBT)
modules

Comparing losses in various converters can be one of the indicators to answering the ques-
tion of what is a suitable converter for the ModHVDC generator concept. Using the 2L-
VSC as a reference is justified because of the use in previous research and its wide indus-
trial use. Series-connection of IGBT modules might be required due to the 100 kV DC.
Comparing various voltage rated IGBT modules might give insight to what is most bene-
ficial in terms of losses; series-connecting multiple lower voltage rated modules or using
fewer higher voltage rated modules. This open question is investigated in this thesis. The
combination of these two loss analyses can be valuable for future system design of power
converter.

Another design aspect of the ModHVDC generator that is linked to losses and system ef-
ficiency relates to a control method. The series-connection of power converters require
a DC-bus voltage controller for controlling the DC-bus voltages of each converter. One
control strategy is to keep all bus voltages equal, but that might imply output power reduc-
tion in some generator/converter modules. This is not desirable as it might compromise
claimed benefits of high system efficiency. This was to some extend researched in [1],
but will be researched again in this thesis as more research is needed. This relates to e.g.
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possible voltage deviations and use of a wind speed distribution function to generalize dif-
ferences in energy output with various control strategies.

In a summary, this thesis will extend the previous research by studying the ModHVDC
system with a 3L-NPC converter, where its performance is benchmarked to a 2L-VSC.
Additionally, a loss comparison between converters, semiconductors and DC-bus voltage
control methods will be conducted.

1.4 Research objectives and question
This thesis emphasizes the power electronics converter and converter control aspect of the
ModHVDC generator in an offshore wind turbine. There are multiple research objectives:

1. Develop a simulation model in Simulink environment that models wind speed, a
wind turbine, the ModHVDC generator with multiple stator segments, power con-
verter, associated control system and HVDC grid.

2. Investigate various DC-bus voltage control methods and associated effects on gen-
erator/converter modules and turbine energy output.

3. Perform a loss calculation of the 3L-NPC converter and 2L-VSC. Three different
IGBT modules are used in both converters for comparison. Select a suitable module
for use in the simulation model and further research.

4. Conduct a performance analysis in the simulation model to observe how the 3L-
NPC converter perform for various wind speeds in this application. Benchmark the
results to the 2L-VSC.

Objective one is a planned extension of the specialization project. To the best of the au-
thors knowledge, a Simulink model of the stator segemented machine is not available.
A custom made model will be developed, validated and used for relevant purposes. The
simulation model is essential for conducting the performance analysis, validate analytical
results and provide results that indicate stable and safe ModHVDC operation with the 3L-
NPC converter.

In the second objective, DC-bus voltage control methods will be addressed. An analysis
of the challenge, possible solutions and the effect of these solutions will be presented and
compared.

Objective three is performed as a calculation of converter and semiconductor losses. The
two converters and three IGBT modules gives six combinations. Analytical loss models
are used to estimate power losses for all combinations. Comparison of the six alternatives
are performed and based on the results, a suitable IGBT module is chosen for further use
in the simulation model. Here, losses will also be evaluated, but differently than in this ob-
jective, as wind speed range are extended and converter switching frequency kept constant.

7



The fourth research objective is related to the performance of the 3L-NPC converter com-
pared to a 2L-VSC. Performance will be measured by studying system state variables,
voltage and current waveforms, power quality of AC-side voltage and current in addition
to converter losses and efficiency - all for various wind speeds. Analysing and evaluating
the state variables is used as an indicator of system stability and proof of concept. The
power quality of AC-side current and line-to-line voltage is of interest for potential future
inclusion of filters and is a relevant performance indicator. Converter losses and efficiency
is an important performance indicator for securing high system efficiency.

Based on the research objectives, two research questions are consequently formed. The
first research questions relates to the 3L-NPC converter. The converter is extensively used
in wind power industry and might offer many benefits to this application. The converter
is considered to offer a suitable trade-off between the technical advantages of multilevel
converters and the increased complexity of such converters. The research question can be
formulated as:

How does the 3L-NPC converter compare to a conventional 2L-VSC in terms of
performance in the ModHVDC application and is it a suitable converter?

The second research question relates to the control method:

What are the alternatives for balancing the DC-bus voltages and what are their
consequence?

1.5 Limitation of scope
The research objectives shows that the system in question consist of multiple blocks, each
a wide and complex field of research. In order to limit the extend of the thesis, certain
limitations must be set.

The following list show the limitations.

• The work is limited to a single wind turbine.

• All analyses will be conducted for normal operation with no faults and a balanced
network.

• The wind speed is ideal and deterministic, i.e. no wind gust and stochastic behaviour
will be studied.

• Turbine operation is constrained to turbine operational region 2 in the simulation
model. If operation in region 3 is evaluated, it is treated identical to turbine operation
at rated wind speed.

• The thesis limits selection of semiconductors to industrially available IGBT module
packages from ABB.

• Modulation strategies for both converters are limited to conventional sinusoidal
pulse width modulation (SPWM).
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• All loss/efficiency calculations are limited to the losses related to semiconductors
and control methods.

• Evaluation of power quality is limited to harmonic content of AC-side line-to-line
voltage and current.

1.6 Thesis layout
The following chapter descriptions presents the layout of this thesis.

Chapter 1: Introduction to offshore wind power, ModHVDC generator, ModHVDC pre-
vious research, motivation for research in this thesis, research objectives and questions.

Chapter 2: Theoretical background and introduction to system modelling. This includes
wind speed modelling, wind turbine model, ModHVDC generator and converter system
introduction, modeling of segmented PMSG, introduction to 2L-VSC and 3L-NPC con-
verter in addition to an HVDC grid model.

Chapter 3: Analysis of DC-bus voltage controller strategies. Linked to research objective
two.

Chapter 4: Calculation of losses with the six converter-IGBT module combinations. Re-
lates to research objective three.

Chapter 5: Simulation chapter dedicated to performance evaluation of 3L-NPC converter
and 2L-VSC in ModHVDC application. The chapter is dedicated for research objective
four.

Chapter 6: Discussion of used methods and obtained results.

Chapter 7: Conclusion to research objectives and questions

Chapter 8: Proposed future work that can extend this thesis.

Appendix: Required attachments that is excluded from the other chapters for compactness.
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Chapter 2
Theoretical background and system
modeling

The system in question is presented in a block diagram in Figure 2.1. The following sub-
chapters will block-by-block explain the theoretical background and modeling of these
blocks.

Wind speed Wind Turbine PMSG

Control System

Power Converter HVDC Grid

Figure 2.1: Main blocks in system.

2.1 The 2L-VSC

The 2L-VSC is a fully controllable converter, well established in multiple applications.
The converter topology can be seen in Figure 2.2.

The converter consist of six IGBTs and anti-parallel diodes. Two identical capacitors splits
the DC-bus voltage and forms a neutral-point N. The term “two-level” relates to the opera-
tion of the converter and number of possible states. This converter can take on two states as
given in Table 4.4. The table uses the notation for phase a, but are valid for all three phases.

Figure 2.3 show SPWM modulation technique of a 2L-VSC. There are two control signals,
the triangular signal vtri and the control signal vctrl. If the control signal is greater than
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Figure 2.2: The 2L-VSC topology.

the triangular signal, the state is 1, else -1. The relationship between the amplitude of the
control signals are known as the modulation amplitude index ma [20, Ch. 8].
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Figure 2.3: SPWM modulation of a 2L-VSC converter.

The conduction pattern depends on state and current direction. The devices T1-D2 and
T2-D1 forms pairs that conducts depending on current direction. Which of the devices
within the pair that conducts depends on the state. Figure 2.4 illustrate the conduction
pattern for the 2L-VSC when using rectifier references.
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Figure 2.4: Conduction pattern in a phase-leg for a 2L-VSC.
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Table 2.1: Possible states, voltages and device conduction.

State Va T1 T2
1 Vdc/2 on off
-1 -Vdc/2 off on

2.2 The 3L-NPC converter
The 3L-NPC converter was first derived presented in 1981 [21] and extends the 2L-VSC
by having an extra set of IGBTs and addition of clamping diodes. The converter topology
is presented in Figure 2.5.
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vc2
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iN

Figure 2.5: The 3L-NPC converter topology.

The clamping diodes are used to clamp the phase voltages to the neutral point. The voltage
that the semiconductors are subjected to are reduced to half, compared to the 2L-VSC, due
to the clamping diodes.

Table 2.2 show the three possible states, switching combination and voltage at phase a in
the converter.

Table 2.2: Possible states, voltages and device conduction.

State Va T1 T2 T3 T4
1 Vdc/2 on on off off
0 0 off on on off
-1 Vdc/2 off off on on

The conduction pattern for the 3L-NPC converter are shown in Figure 2.6. Which device
conducts the phase current depends on the state and the current direction.
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Figure 2.6: Conduction pattern in a phase-leg for a 3L-NPC converter.
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Figure 2.7: Modulation of a 3L-NPC converter.

Figure 2.7 show basic SPWM modulation of a 3L-NPC converter. The modulation resem-
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bles the 2L-VSC modulation, but an extra triangular signal is added. The upper triangular
signal goes from 0 to 1 and the lower from 0 to -1. The top switch T1 is “on” if the control
signal is greater than the positive triangular signal. Switch T2 is on if the control signal is
greater than the lower triangular signal. T3 are inverse of T1 and T4 inverse of T2.

2.2.1 DC capacitor voltage balancing

The switching of the semiconductors in the 3L-NPC converter lead to drift in the capacitor
voltages [18]. If this is not controlled, one capacitor may take the full DC-bus voltage
while the other is 0 V. This will lead to e.g. the upper or lower IGBTs and diodes being
subjected to the full DC-bus voltage and semiconductor breakdown might occur. This is
addressed as the main technical challenge of the 3L-NPC converter [22].

The problem relates to the charging/discharging of the capacitors and the average neutral
point current. This current is again related to the phase currents iabc and state 0 duty cycle
for each phase dabc0 [23]. If this current is over time not zero, the voltages will drift.

The challenge can be overcome by adequate control strategies or by external hardware
[18]. A great amount of works exist for control strategies such as [22],[23]. A control
strategy will be used to control the voltages in this thesis, see chapter 2.7.

2.3 Description of ModHVDC generator

The ModHVDC technology enables transformerless wind turbines by segmenting the sta-
tor of a PMSG and series-connecting multiple power converters to facilitate HVDC in
turbine terminals. Figure 2.8 presents an example of a ModHVDC generator/converter
system with a four-segmented machine. The stator consist of four segments that are sep-
arated by an insulation material marked with blue lines. Within each segment the a-phase
winding of all segments are highlighted. The result is four equivalent three-phase genera-
tors when including all three phase windings.

In previous research [1], the stator design was conducted with iron-less material. The
material influences magnetic coupling between different segments and each segment was
modelled as magnetically independent. Experimental validation with a prototype machine
concluded that magnetic coupling between stator segments was negligible [1, Ch. 6.2.1].
The same numerical values for dq-axis inductance and resistance as in [1, Tab. 3.1] are
used.

In Figure 2.8, the weak gray lines indicate the screening technology of the ModHVDC
generator. This is further elaborated in Figure 2.9. Each isolated segment is clamped
to the mid-point of the corresponding power converter DC-bus mid-point. The voltage-
stress of each generator/converter module consists of an isolated AC-component and a DC-
component dependant on the electrical distance from power converter to DC-link ground
[16].
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(a) ModHVDC generator/converter system. (b) Segmented stator with four segments.

Figure 2.8: ModHVDC generator exemplified by a four-segmented machine with associated con-
verters.

Figure 2.9: ModHVDC screening strategy [1, Fig. 3.2].

2.3.1 Modeling of a segmented PMSG
A mathematical description of a conventional PMSG with surface mounted magnets (round
rotor construction) is presented in chapter A.2.1 and forms the basis for this modelling
chapter. Round rotor PMSG and direct drive are common for wind turbines [5] and is
therefore chosen for machine modeling. The rotor construction leads to an isotropic ma-
chine, i.e. equal dq axis inductance.

Representation in abc-reference frame

In this chapter, the modeling of a segmented machine with a general N number of seg-
ments is presented. Generator terminal voltage ~Vabc is the starting point of the modeling.

~Vabc = −Rs
~Iabc +

d~Ψabc

dt
(2.1)

The voltage depends on stator resistance Rs, stator current ~Iabc and rate of change of total
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stator side flux linkage ~Ψabc. Stator resistance Rs are assumed to be equal for all phases.
An arbitrary segment i individual resistance are given by Rs,i. The resistance matrix can
be expressed as:

Rs =



Rs,1 0 0 . . . 0 0 0
0 Rs,1 0 . . . 0 0 0
0 0 Rs,1 . . . 0 0 0
...

...
...

. . .
...

...
...

0 0 0 . . . Rs,N 0 0
0 0 0 . . . 0 Rs,N 0
0 0 0 . . . 0 0 Rs,N


(2.2)

The total stator-side flux linkage can be expressed as:

~Ψabc = −Ls
abc

~Iabc + ~Ψr
abc (2.3)

The stator-side inductance matrix Ls
abc is anN×N -matrix. Due to magnetic independent

segments, mutual inductance are zero. The non-zero elements in the matrix are identical
to the stator inductance matrix in equation (A.8).

Ls
abc =



La1a1 La1b1 La1c1 . . . 0 0 0
Lb1a1 Lb1b1 Lb1c1 . . . 0 0 0
Lc1a1 Lc1b1 Lc1c1 . . . 0 0 0

...
...

...
. . .

...
...

...
0 0 0 . . . LaNaN LaNbN LaNcN
0 0 0 . . . LbNaN LbNbN LbNcN
0 0 0 . . . LcNaN LcNbN LcNcN


(2.4)

The last term in equation (2.3) relates to rotor-side flux linkage contribution to stator-side
total flux linkage and hence induced voltage in stator [1, p. 26]. All segments phases are
referenced to the same electrical rotor position θr and equally phase-shifted. The model
accounts for differences in flux linkage contribution from rotor to each stator segment i by
the constant Ψm,i.

~Ψr
abc =



Ψm,1 cos (θr)
Ψm,1 cos (θr − 2

3π)
Ψm,1 cos (θr + 2

3π)
...

Ψm,N cos (θr)
Ψm,N cos (θr − 2

3π)
Ψm,N cos (θr + 2

3π)


(2.5)

Representation in dq-reference frame

By using the method of transformation as presented in chapter A.2.1, the dq-components
of the segmented machine are:
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Vd,i = −Rs,NId,N +
dΨd,N

dt
− Ωr

dΨq,N

dt
(2.6)

Vq,i = −Rs,NIq,N +
dΨq,N

dt
+ Ωr

dΨd,N

dt
(2.7)

The round rotor construction gives equal dq-axis inductance and is expressed by Ld,i =
Lq,i = Ls,i. By expanding the expression for flux linkage, the final expression for electri-
cal modeling of a stator-segmented PMSG expressed by dq-components and SI-units are
obtained.

Vd,i = −Rs,iId,i − Ls,i
dId,i
dt

+ ΩrLs,iIq,i (2.8)

Vq,i = −Rs,iIq,i − Ls,i
dIq,i
dt
− ΩrLs,iId,i + ΩrΨm,i (2.9)

The developed electrical torque expressed by dq-components are given by equation (2.10).
The equation is valid for a round rotor machine. The symbol Pp is number of pole pairs
and kT,i is the torque constant of each segment[24].

Te,i =
3

2
PpΨm,iIq,i = kT,iIq,i (2.10)

Mechanical system

The mechanical direct drive system couples the wind turbine rotor directly to generator
rotor shaft, so generator and turbine shaft share rotational speed. Figure 2.10 shows the
difference between a geared and direct drive wind turbine.

Figure 2.10: Wind turbine with and without gearbox in drivetrain [2].

The shaft speed is affected by the difference in electrical torque and mechanical torque
Tm, where the electrical torque is a sum of developed torque in all segments

∑N
i=1 Te,i.

The chosen model treats the shaft as loss-less and infinitely stiff. Equation (2.11) presents
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drivetrain dynamics in SI-units and equation (2.12) in per unit [25, p. 485]. The equa-
tions show that the generator/converter modules are mechanical coupled by common shaft
speed.

J
dΩr,m
dt

= Tm −
N∑
i=1

Te,i (2.11)

Tm
dωr
dt

= τm −
N∑
i=1

τe,i (2.12)

The symbol J represent total mechanical inertia of turbine (JT ) and generator (JG). This
is used in the per unit expression to calculate Tm, which is the mechanical time constant
of the system. The symbols Ωb,m and Sb are base value quantities found in chapter A.1.2.

Tm =
JΩ2

b,m

Sb
=

(JG + JT )Ω2
b,m

Sb
(2.13)

Summary

A summary of exclusively the dq-components in per unit are presented in this chapter.
The equations represents an arbitrary segment i. Transformation of these equation from
SI-units to per unit are found in appendix chapter A.2.2. Per unit base values are seen in
appendix chapter A.1.

Voltage

vd,i = −rs,iid,i −
ls,i
Ωb

did,i
dt

+ ωrls,iiq,i (2.14)

vq,i = −rs,iiq,i −
ls,i
Ωb

diq,i
dt
− ωrls,iid,i + ωrψm,i (2.15)

Flux linkage

ψd,i = ls,iid,i + ψm,i (2.16)

ψq,i = ls,iiq,i (2.17)

Power

pi = vq,iiq,i + vd,iid,i (2.18)

qi = vq,iid,i − vd,iiq,i (2.19)

Electromechanical torque

τe,i = ψm,iiq,i (2.20)

Mechanical system

Tm
dωr
dt

= τm −
N∑
i=1

τe,i (2.21)
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2.3.2 Simulation model in Simulink

Simulink does not provide a built-in model of a segmented PMSG and development of a
custom made model was required. Description and validation of the model is presented in
the appendix chapter A.2.3. A summary of the model and validation process is given in
the following lines.

The model can be broken down into an electrical and a mechanical model. The electrical
concerns the dynamics seen in equation (2.8) and (2.9). The model inputs are rotor speed
Ωr, rotor electrical angle θr and voltage Vabc. Outputs are torque Te obtained by equa-
tion (2.10) and current Iabc. The current is the signal input to the physical modelling port
current sources that are connected to the AC side of the converter. The torque is an input
to the mechanical model. This model concerns the mechanical dynamics seen in equation
(2.11). The input is the mechanical turbine torque Tm and the summed electrical torque∑N
i=1 Te,i. Output is rotor speed and electrical angle. The model is modular by being able

to extend the number of segments by the number of electrical models.

Validation was conducted by comparing steady state and dynamic behaviour of the pro-
posed model to Simulink’s library model of a permanent magnet synchronous motor (PMSM)
[26]. As this is a conventional PMSM, only a single-segment version of the proposed
model was tested. It is assumed that if a model of a single segment machine is valid, then
multiple segments are valid based on the modularity. The results showed negligible devi-
ation between the proposed and reference model. The developed model of a segmented
PMSG is valid for use in this thesis.

2.4 Description of ModHVDC converter system

The power converter interfaces a PMSG stator segment to the HVDC-link as seen in Figure
2.11. Series-connectingN number of power converters means that the HVDC-link voltage
vdc,tot of roughly 100 kV is ideally divided equally to the converters DC-bus voltages vdc,i.

vdc,i =
vdc,tot
N

(2.22)

Another consequence of the series-connection is that the DC-side current of all converters
must be equal in steady state, i.e. converter DC-bus current idc,i equals DC-link current
idc−link. Any difference are compensated by charging/discharging the DC-bus capacitors.
This characteristics couples the generator/converter modules electrically.

c

Ωb

dvdc,i
dt

= idc,i − idc−link (2.23)

Equation (2.22) show that the power converter in this application is subjected to a consid-
erable DC-bus voltage. The semiconductors in the converters will also be affected by this
voltage and series-connection of devices might be required.
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Figure 2.11: ModHVDC and converter system topology.

2.4.1 Required series-connection of semiconductors

Required series-connection of IGBTs and diodes for two and three-level converters for
various number of segments was one of the result form the specialization project [16, Ch.
4]. This will now be revisited and improvements to the analytical expressions are per-
formed [16, Eq. 4.1-4.4]. Figure 2.12 illustrate the series-connection in question.

C2

C1

N

idc
idc−link

vdc,i

+

-

Figure 2.12: Series-connection of semiconductors exemplified in a 2L-VSC.

The voltage stress and number of series-connected devices are different for two and three-
level converters. This can lead to differences in converter efficiency, but is dependant
on the semiconductors [27]. Industrially IGBT modules are available for various voltage
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levels VCES , from 1.7 kV up to 6.5 kV for application-relevant modules [28]. A safety
margin must be included when used in practice, such that utilization of the full rating of the
modules is not possible. Safety margins y in the range 50 % and 60 % are typical values
[29]. Equation (2.24) translates the DC-bus voltage to correspond to VCES voltages by
including the safety factor.

Vdr = Vdc ·
(

1 +
y

100

)
(2.24)

The DC-voltage Vdc depends on converter levels, number of converter segments N and
redundant1 modules z. Equation (2.25) expresses the voltage for a two-level converter and
equation (2.26) for a three-level converter, where Vdc,tot equals 100 kV.

Vdc,2L =
Vdc,tot
N − z

(2.25)

Vdc,3L =
Vdc,tot

2 · (N − z)
(2.26)

The resulting required series-connection for a two-level and three-level converter are then
given by equation (2.27) and equation (2.28) respectively. Numerical results to required
IGBT module series-connection are found in chapter 4.2.

nseries,2L =

⌈
Vdr,2L
VCES

⌉
=


Vdc,tot
N − z

·
(

1 +
y

100

)
VCES

 (2.27)

nseries,3L =

⌈
Vdr,3L
VCES

⌉
=


Vdc,tot

2 · (N − z)
·
(

1 +
y

100

)
VCES

 (2.28)

2.5 Wind turbine model
Wind turbine power curves are typically divided into four regions, as seen in Figure 2.13.
The operational region is decided by the wind speed Vw.

• Region 1: Wind speed below turbine cut-in wind speed. Vw < Vw,in.

• Region 2: Wind speed greater than turbine cut-in wind speed and lower than turbine
rated wind speed. Vw,in ≤ Vw < Vw,r.

• Region 3: Wind speed greater than rated wind speed and lower than cut-out wind
speed. Vw,r ≤ Vw < Vw,out.

• Region 4: Wind speed greater than cut-out wind speed. Vw ≥ Vw,out.
1Accounting for converter operation with one or more converters out of service
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Figure 2.13: The four operational regions of a wind turbine. Inspired by [3].

When the wind speed exceeds turbine cut-in wind speed, the turbine starts power pro-
duction. In this region the idealized power curve shows a cubed proportionality to wind
speed (Pm ∝ V 3

w). The region is upper limited by the turbine rated wind speed. In this
region, the turbine can operate at maximum efficiency, i.e. the power coefficient Cp is
maximized. However, this relies on rotational speed being proportional to the wind speed
(Ωr ∝ Vw) [3]. The proportionality might not hold for all wind speeds if the speed of
rotation is bounded by upper and lower limits. In this model, these limits are ignored and
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it is assumed that the the rotational speed is proportional to all wind speeds in region 2.

The other regions are characterized by lack of aerodynamic power (region 1) and excessive
aerodynamic power (region 3 and 4). In region 1 the turbine does not produce power as
wind speed is below turbine cut-in wind speed. In region 3 the power coefficient must
be decreased to avoid mechanical and electrical overloading of turbine and generator. A
modern and large wind turbine shed of aerodynamic power by pitching the rotor blade
angle β, known as pitch angle control [25, p. 483]. It is typically only active in regions
3 and is a hydraulic and relatively slow system[25, p. 484]. In region 4, the turbine is at
stand-still as the forces acting on the turbine might cause damage.

2.5.1 Turbine rotor model
Turbine mechanical power is given by equation (2.29) [25, p. 482]. This equation pro-
duces the idealized power curve seen in Figure 2.13. The idealization implies neglecting
the effect of e.g. wind turbulence and other phenomena influence to the power curve. Nu-
merous works exists to evaluate effect of these phenomena to the power curve [3], [30],
[31]. Despite their non-negligible influence, the power curve are treated as ideal in this
thesis. As equation (2.29) states, the power is a product of air density ρ, turbine swept area
Ar, power coefficient Cp(λ, β) and the wind speed Vw cubed.

Pm =
1

2
ρArCp(λ, β)V 3

w (2.29)

The most complex variable in equation (2.29) is the power coefficient. It is theoretically
limited by Betz law of maximum conversion of kinetic energy in wind, i.e. numerical
limitation of 0.593 [32, p. 325]. To obtain a detailed power coefficient for a turbine,
experimental or numerical methods might be needed [3]. In this thesis, the numerical
approximation applied in Simulink’s built-in wind turbine model is used [33].

Cp(λ, β) = 0.5176

(
116

λi
− 0.4β − 5

)
exp

(
−21

λi

)
+ 0.0068λ (2.30)

The tip speed ratio (TSR) λ depends on turbine shaft speed Ωr,m, wind speed and rotor
blade radiusRr. The variable λi is a function of TSR and pitch angle. For maximizing and
controlling the power coefficient, a maximum power point tracker and speed controller is
used.

λ =
Ωr,mRr
Vw

(2.31)

λi =
(λ+ 0.08β)(β3 + 1)

β3 + 1− 0.035(λ+ 0.08β)
(2.32)

2.5.2 Maximum power point tracking
With the chosen turbine model, the optimal TSR λopt in region 2 is 8.067 with an asso-
ciated maximum power coefficient of 0.48. The speed controller in the control system
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secures this operation, but requires a reference speed. The turbine maximum power point
tracking (MPPT) provides this reference, see Figure 2.14.

Multiple MPPT control algorithm exist for wind turbines [18], where tip-speed-ratio con-
trol is used in this model. The method uses an anemometer to measure the wind speed and
provides a reference shaft speed (Ω∗

r,m).

Ω∗
r,m =

Vw · λopt
Rr

(2.33)

Wind speed
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Anemometer

λopt
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Speed
controller

ωr
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1
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Figure 2.14: Principle sketch of the implemented TSR MPPT-strategy.

2.6 Wind speed model
The wind speed model serve two purposes:

1. Wind speed input to turbine in Simulink environment for dynamic analysis of the
system seen in Figure 2.1.

2. Calculation of energy losses over a period, e.g. annually.

For the first purpose, the wind speed is modelled as laminar, height-independant without
any turbulence or non-idealities. The wind speed is limited to turbine operational region 2
(3-12 m/s).

For the second purpose a wind speed distribution is needed. Wind turbines are designed
based on classes given by the International Electrotechnical Commission’s (IEC) standard
61400-1 [34, Tab. 1]. Wind turbine class I average wind speed Vw,avg at 10 m/s is used as
it poses the highest wind speed. The value are in line with annual 80 m height wind speed
for the Norwegian continental shelf in the North Sea [35]. In accordance to [34, p. 22],
the Rayleigh function is used. The Rayleigh distribution is a special case of a Weibull
distribution, where the shape parameter k equals 2 [32, p. 343]. The corresponding scale
parameter C are given by equation (2.34), while the probability and cumulative density
function are given by equation (2.35) and (2.36).

C =
2 · Vw,avg√

π
(2.34)

f(Vw) =
π · Vw

2 · V 2
w,avg

exp

[
−π

4

(
Vw

Vw,avg

)2
]

(2.35)
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F (Vw ≤ Vw,avg) = 1− exp

[
−π

4

(
Vw

Vw,avg

)2
]

(2.36)

The wind speed model characteristics are given by Table 2.3. A discretized probability
density function are presented in Figure 2.15. This discretized model is used for purpose
two.

Table 2.3: Wind model characteristics.

Annual mean wind speed (Vw,avg) 10 m/s
Weibull shape parameter (k) 2
Weibull scale parameter (C) 11.3

Table 2.4 is a tabular presentation of Figure 2.3. The table emphasises the intervals of
wind speed in turbine operational region 1 (0-2 m/s), operational region 2 (3-12 m/s),
operational region 3 (12-24 m/s) and operational region 4 (25-35 m/s).
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Figure 2.15: Discretized wind speed distribution.

Table 2.4: Wind speed distribution.

Wind speed (m/s) 0-2 3 4 5 6 7 8 9 10 11 12-24 25-35
Frequency (%) 4.8 4.4 5.5 6.4 7.1 7.5 7.6 7.5 7.2 6.7 34.5 0.9
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2.7 Control system
The control system is presented in Figure 2.16. The system composes of a:

• Current controller

• Speed controller

• DC-bus voltage balancing controller

• Capacitor voltage balancing controller (only for 3L-NPC converter)

This chapter will give an introduction to each controller and its purpose. Tuning method
and controller constants are given in appendix chapter A.2.4.
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Figure 2.16: Control system.

Figure 2.17 show a conventional current controller with PI-controllers for a PMSG [36].
This controller controls the dq-axis current id and iq for each generator/converter module.
The q-axis current relates to torque, while d-axis current relates to magnetization of the
machine. The former is controlled by the outer loop controllers, i.e. speed and DC-bus
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Figure 2.17: Current controller structure.

voltage controllers, while the d-axis current reference i∗d is kept zero for all operation.

Speed controller structure is given by Figure 2.18. The wind speed is multiplied by a
constant in order to obtain a shaft speed reference ω∗

r for securing maximum turbine per-
formance coefficient. The controller outputs a reference q-axis current that is distributed
with equal value to all converters.

λopt

Rr·Ωb,m
−1 kp

(1+Ti·s)
Ti·s

1
ψm

Vw ω∗
r

ωr
−

∆ωr τ∗e iq,s

Figure 2.18: Speed controller structure.

The DC-bus voltage controller structure is seen in Figure 2.19 and is credited to [1, Ch. 4].
Ideally the speed controller q-axis current reference should be sufficient for the converter to
have equal DC-bus voltages. However, if there are variations between generator/converter
modules DC-side power, a corresponding voltage variation will arise. This controller bal-
ances DC-bus voltages by increasing/decreasing q-axis reference current to the current
controller of each module. The constant Kδ is the droop constant of the controller. Droop
control is implemented to overcome the problem of an overdetermined system and ensure
minimal torque offset in steady state [1, Ch. 4].

The capacitor voltage balancing controller is built-in to the SPWM generator block in
the simulation model. The PWM generator is a Simulink library block [37]. Modulation
signals in abc-reference frame, DC-bus voltage and difference in capacitor voltages are
input to the block. Proportional control is implemented and amplifies capacitor voltage
error. The input signals are used to calculate gating times. If there is no capacitor voltage
deviation, the gate signals are as given by the modulation signal. However, a voltage
deviation alters the gating times in order to balance the capacitor voltages [37].
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2.8 HVDC grid
The modelling approach to the HVDC grid is presented in Figure 2.21. The cable con-
nection to shore is modelled as a pure resistance. Onshore substation is assumed to be a
large MMC that keeps constant 100 kV and is justified by time-scale separation, reduc-
tion of complexity and thesis emphasis. Cable modelling can be complex and cascaded
pi-sections with multiple parallel branches might be required for accurate representation.
A simple representation by a pure resistance might be better than insufficient cable mod-
els [38] and are therefor chosen, as accurate cable representation are out of scope for the
thesis.

AC

DC

Onshore grid

Shore

AC

DC

Onshore substation

Submarine cable

R

100 kV

Figure 2.21: HVDC grid model.
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Chapter 3
DC-bus voltage controller analysis

The power converter DC-side series-connection couples each generator/converter module
by a common DC-link current. This coupling and associated required control was studied
in [1], but is revisited in order to further investigate control strategies for achieving bal-
anced DC-bus voltages for a non-ideal system. The difference between generator/converter
modules are studied by parameter variation in:

• Flux linkage ψm,i

• Stator resistance rs,i

• Converter efficiency ηi

3.1 Steady state analysis
The following equations describes the steady state of the system. All derivatives in the
equations in chapter 2.3.1 and d-axis current are zero.

vd,i = ωrls,iiq,i (3.1)

vq,i = −rs,iiq,i + ωrψm,i (3.2)

τm =

N∑
i=1

τe,i =

N∑
i=1

iq,iψm,i (3.3)

idc,i = idc−link (3.4)

id,i = 0 (3.5)

Based on equation (3.4), it is shown in equation (3.6) that the DC-bus voltage of each mod-
ule is proportional to its share to total power [1]. To achieve balanced DC-bus voltages,
the DC power must be balanced.
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idc,i =
pdc,i
vdc,i

=
pdc,tot
vdc,tot

= idc−link

vdc,i
vdc,tot

=
pdc,i
pdc,tot

(3.6)

The steady state DC-side power can be linked to the AC-side by the converter efficiency
ηi and using equation (2.18) and equation (3.2).

pdc,i = ηipac,i = ηivq,iiq,i

pdc,i = ηi(−rs,ii2q,i + ωrψm,iiq,i)
(3.7)

The total DC-side power is:

pdc,tot =

N∑
i=1

pdc,i =

N∑
i=1

ηi(−rs,ii2q,i + ωrψiiq,i) (3.8)

Inserting the power equations back into (3.6) and an expression for DC-bus voltage in
relation to DC-link voltage are found and expressed by AC-side components.

vdc,i
vdc,tot

=
ηi(−rs,ii2q,i + ωrψiiq,i)∑N
j=1 ηj(−rs,ji2q,j + ωrψjiq,j)

(3.9)

Equation 3.9 can be divided by the number of modules N , such that each modules indi-
vidual contribution to average bus voltage and DC-power are found. The benefit of using
this measure is that an ideal system will have 1.0 as voltage and power relationship, which
is an easy measure to interpret.

vdc,i
vdc,avg

=
pdc,i
pdc,avg

(3.10)

3.2 DC-bus voltage controller regulation capability and
challenges

The steady state analysis show how DC-bus voltage may vary, depending on supplied DC-
power. System components such as generator insulation system, converter semiconductors
and DC-capacitors can be subjected to increased voltage stress in some modules if this is
not controlled. DC-side voltage deviation might be corrected by changing each modules
AC-side q-axis current iq,i and hence DC-side power. A current for obtaining voltage
balance is introduced as iq,bal,i. The total q-axis current is then a sum of two current ref-
erences, speed controller q-axis current reference iq,s and iq,bal,i as illustrated in Figure
2.16. Speed controller reference current are common for all modules, while the balancing
current is individual for each module.
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iq,i = iq,s + iq,bal,i (3.11)

The q-axis current of each module might be limited from 0 to 1 pu. Less than 0 pu implies
motor operation while more than 1.0 pu is assumed to be overloading of a module. Then,
the total q-axis current is limited to:

0 ≤ iq,s + iq,bal,i ≤ 1 (3.12)

Speed controller current reference is zero or positive and follow wind speed as a quadratic
function. The balancing current can be theoretical limited as:

0 ≤ iq,s + iq,bal,i ≤ 1

0 ≤
(vw

12

)2

+ iq,bal,i ≤ 1

−
(vw

12

)2

≤ iq,bal,i ≤ 1−
(vw

12

)2

(3.13)

The balancing current is also a quadratic function, but can take both positive and negative
values. The feasible region for this current under given constrains is seen in Figure 3.1.

Balancing current theoretical feasible region as a function of wind speed.
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Figure 3.1: Feasible region of balancing current.

Voltage regulation by a positive balancing current is not possible at rated wind speed and
above without overloading some modules. To achieve voltage balance in turbine region
3, DC-power of all modules must be decreased to the modules with lowest power output.
This will lower the power delivered to the grid and is not desirable from an economic per-
spective and could be a liability for the ModHVDC generator. The concept claims benefit
of increased system efficiency compared to convectional technologies, but this might not
hold if turbine output power is reduced. However, an alternative is to increase the q-axis
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current upper limit of 1.0 pu. In the following chapter, a case study is conducted where
different control strategies and regulation capabilities are studied and how they affect the
energy production of the system.

3.3 Case study

This case study involves eight (N = 8) modules with normal distributed parameters. The
goal is to observe the effect in DC-bus voltage of multiple modules having parameter
variation and the effect of two different control strategies. The resulting natural DC-bus
voltages are presented in chapter 3.3.1. The first control strategy treats the q-axis current
limit as a free variable, while strategy two constraint the current limit to 1.0 pu and lower
power output. The results of these strategies are presented in chapter 3.3.2 and chapter
3.3.3 respectively.

The generator/converter modules parameters are normal distributed as according to equa-
tion the three equations below.

rs,i ∼ N(µr, σr) (3.14)

ηi ∼ N(µη, ση) (3.15)

ψm,i ∼ N(µψ, σψ), where
8∑
i=1

ψm,i = 8 pu (3.16)

Expectation values (µ) and standard deviation (σ) are presented in Table 3.1. The values
are chosen based two sources. The first is the experimental results in [1, p. 120]. The
second is an article with a sensitivity analysis of numerous design variables influence on
electrical parameters in a convectional interior magnet PMSM [39]. A prototype lab-scale
machine used in the experimental result produced DC-bus voltage imbalance of 3.8 %.
At this level, flux linkage and/or converter efficiency variation between modules are most
likely present. DC-bus voltage imbalance is not that sensitive to stator resistance variation
[1]. The article [39] show how numerous geometrical design variables can influence the
electrical parameters. Additionally, [39] show how temperature influence both resistance
and flux linkage. How the sum of these stochastic variables behaves dynamically and
their actual standard deviation values remains to be investigated, but the presented values
are considered reasonable for the purpose of this case study to simulate what a voltage
variation.

Table 3.1: Parameter nominal/expected per unit values and standard deviation.

Parameter Nom. val. (µ) Std. dev. (σ)
rs,i 0.02 0.005
ηi 0.98 0.010
ψm,i 1.00 0.025
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Numerical values was generated by the pseudo-random number generator and the normal
distribution-function in Excel. The modules are parameterized as seen in Table 3.2.

Table 3.2: Module parametrization with normal-distributed parameters.

Module rs,i ηi ψm,i
1 0.020 0.977 1.004
2 0.021 0.965 0.992
3 0.017 0.975 1.024
4 0.017 0.988 0.993
5 0.016 0.972 0.998
6 0.015 0.990 0.984
7 0.028 0.986 1.034
8 0.025 0.967 0.972

3.3.1 Voltage distribution without balancing current
Table 3.3 show DC-bus voltages when the generator/converter modules parameters are
as given in Table 3.2. The extremes are found in module 7 and 8, where the voltage
deviation are +4.1 % at cut-in wind speed and -4.5 % at rated wind speed respectively. As
an numerical example, if the DC-link voltage is 100 kV, the percentage deviation are 0.52
kV for module 7 and -0.56 kV for module 8.

Table 3.3: Voltage distribution at various wind speeds when using normal distributed parameters.

Wind speed vw = 3 m/s vw = 9 m/s vw = 12 m/s

Module
vdc,i
vdc,avg

vdc,i
vdc,avg

dev.
vdc,i
vdc,avg

vdc,i
vdc,avg

dev.
vdc,i
vdc,avg

vdc,i
vdc,avg

dev.

1 1.003 0.3 % 1.003 0.3 % 1.003 0.3 %
2 0.979 -2.1 % 0.978 -2.2 % 0.978 -2.2 %
3 1.022 2.2 % 1.024 2.4 % 1.025 2.5 %
4 1.004 0.4 % 1.005 0.5 % 1.006 0.6 %
5 0.993 -0.7 % 0.995 -0.5 % 0.996 -0.4 %
6 0.998 -0.2 % 1.000 0.0 % 1.001 0.1 %
7 1.041 4.1 % 1.038 3.8 % 1.036 3.6 %
8 0.960 -4.0 % 0.957 -4.3 % 0.955 -4.5 %

3.3.2 Balancing current with no constraint and no power derating
This chapter presents the required balancing current for compensating the unbalanced volt-
age distribution in Table 3.3. The compensation should give symmetrical voltage distribu-
tion, i.e. all modules have equal voltage.
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The required balancing current for achieving symmetrical voltage distribution are seen in
Figure 3.2 and Table 3.4. The results show that the compensation current are greatest in
module 7 and 8 as these modules have the largest positive and negative voltage deviation.
The currents are -0.036 pu and +0.048 pu respectively.
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Figure 3.2: Balancing currents as a function of wind speed.

Table 3.4: Balancing current in per unit for achieving symmetrical voltage distribution.

Wind speed vw=3 m/s vw=9 m/s vw=12 m/s
Module iq,bal,i iq,bal,i iq,bal,i

1 0.000 -0.002 -0.003
2 0.001 0.013 0.023
3 -0.001 -0.013 -0.025
4 0.000 -0.003 -0.006
5 0.000 0.003 0.004
6 0.000 0.000 -0.002
7 -0.003 -0.021 -0.036
8 0.003 0.026 0.048

3.3.3 Balancing current with constraints and power derating
This analysis shall answer how much turbine derating is required to achieve symmetrical
voltages and the corresponding balancing current in each module. Total q-axis current
must be lower than or equal to 1.0 pu.

iq,i = iq,s + iq,bal,i ≤ 1 (3.17)

Table 3.3 voltage distribution prove that module 8 provides the lowest DC-power. To
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achieve equal DC-bus voltages, the average DC-power must be equal to the module with
lowest DC-power (module 8).

pdc,i
pdc,avg

= 1 =⇒ pdc,8 = pdc,avg (3.18)

Module 8 DC-power pdc,8 equals 0.915 pu. To achieve the symmetrical voltage distribu-
tion, the balancing current for each module must be as seen in Table 3.5.

Table 3.5: Balancing currents for achieving symmetrical voltage distribution at rated wind speed
and above.

Module iq,bal,i
1 -0.048
2 -0.024
3 -0.069
4 -0.052
5 -0.042
6 -0.047
7 -0.080
8 0.000

The DC-side power are now reduced. Average DC-side power can be seen in Table 3.6.
The result show that the DC-side power are reduced by 0.043 pu and 4.5 % compared to
the non-derated DC-side power.

Table 3.6: Power reduction to achieve symmetrical voltages.

Not derated pdc,avg Derated pdc,avg Difference
0.958 pu 0.915 pu -0.043 pu

3.3.4 Comparison of annual energy output
By using the wind speed distribution from chapter 2.6, the reduced annual energy output
by power derating modules can be calculated. The interval of interest is turbine opera-
tional region 3. The frequency of this region is 34.5 %. Table 3.6 show that the modules
average DC-power output is 0.958 pu if no balancing current action is taken. If the voltage
controller ensures equal DC-bus voltages for all modules, the average power reduces to
0.915 pu.

The annual energy production of a single turbine can be calculated by equation (3.19).
Numerical results to annual energy production with and without voltage balancing are
calculated.

E = pdc,avg · 10 MW · 34.5 % · 8760 h (3.19)

The result in Table 3.7 show that the power reduction leads to an annual energy reduction
of 1300 MWh.
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Table 3.7: Energy reduction to achieve symmetrical voltages.

Not derated E Derated E Difference
28953 MWh 27653 MWh -1300 MWh

3.4 Outcome of case study
This case study uses normal-distributed parameters to eight generator/converter modules
to investigate the effect of parameter variation between modules. Table 3.3 show how such
a configuration can distribute DC-bus voltages for various wind speeds. The extremes of
voltage deviation to average voltage was 4.1 % and -4.5 %, which corresponds to 0.52 and
-0.56 kV.

The regulation capability and associated challenges was studied in chapter 3.2. The results
showed that voltage deviation can be regulated freely in turbine operational region 2, but
requires power derating in operation region 3. This is valid as long as overloading of the
modules is not accepted.

Required current for equal DC-bus voltages when ignoring constraints was found in chap-
ter 3.3.2. The current is quadratic and the maximum/minimum values are found at rated
wind speed. For this case study, module 7 and 8 required most compensation. This was
-0.036 pu and 0.048 pu balancing current respectively.

Chapter 3.3.3 showed how much power derating is required for having symmetrical volt-
ages in turbine operational region 3. The result was a power reduction of 4.5 %. This
reduction is in percentage identical to module 8 voltage deviation to average module volt-
age. The associated energy loss of power derating was calculated in chapter 3.3.4 to be 1.3
GWh/year.

The case study show that DC-bus voltage variation in the range of roughly±5 % might be
expected. This is in-line with the experimental results in [1]. The following alternatives
are proposed as feasible approaches to the problem of DC-bus voltage imbalance:

1. Accept module voltage imbalance. No voltage balancing measures taken.

2. Accept module voltage imbalance and/or overloading within a certain tolerance
band. As an example, the voltage controller ensures that the DC-bus voltage of
one or multiple modules are kept within the interval of ±5 % to average DC-bus
voltage.

3. Achieve voltage balance and accept current overloading of modules.

4. Achieve voltage balance by changing q-axis current and lower the modules DC-bus
power such that the modules voltages are identical if required.

All alternatives have associated strength and weaknesses, but only alternative 4 includes
lowering turbine DC-output power. Decreased power output is not a preferred choice
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from an economic perspective. Required power decrease is in percentage equal to the
percentage voltage deviation for the least stressed module. In the case study, this was
module 8 with -4.5 % deviation. It might seem unreasonably conservative to lower turbine
power output by 4.5 % for compensating a voltage difference of 4.5 %. If that is excluded,
then the question arises of what is least stressful for the system; increased DC-bus voltage
or increased q-axis current. A dedicated study is required to answer this question, as many
aspects and system stress/aging factors should be accounted for. Additionally, how these
control strategies influence the generator is also not considered. It is not the purpose of
this study to provide a conclusion to the question of what strategy is to be implemented,
but rather highlight the challenge and present plausible solutions.
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Chapter 4
Converter and IGBT module loss
calculation

4.1 Introduction

The total semiconductor power losses can be divided into sub-categories as seen in Figure
4.1 [40, p. 274]. The figure identifies the IGBT module losses that are accounted for in
this calculation.

Total Power Losses

Switching LossesStatic Losses Driving Losses

Turn-on Losses Turn-off LossesOn-State Losses Blocking Losses

Figure 4.1: Classification of IGBT modules losses. Green boxes indicates considered losses, red
indicate neglected losses.

An IGBT module consist of multiple IGBT and a diode dies, which forms one or multiple
(n) equivalent IGBTs and diodes within a module. The dies dissipate power when con-
ducting current and switching from one state to the other. A loss hierarchy for an IGBT
module is seen in Figure 4.2. IGBT losses are conduction losses in addition to turn-on and
turn-off switching losses. The diode losses are conduction and reverse recovery (turn-off)
losses [41].

The analytical models in chapter 4.2.7 measure losses for a single equivalent IGBT and
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IGBT Module n · (Ptot(T ) + Ptot(D))

IGBT Ptot(T ) Diode Ptot(D)

Conduction Pcon(T ) Switching Psw(T ) Conduction Pcon(D) Reverse Recovery Psw(D)

Turn-on Psw,on(T ) Turn-off Psw,off(T )

Figure 4.2: Hierarchy of power losses in an IGBT module.

diode within an IGBT module. As the considered modules in this calculation are single IG-
BTs (n = 1), module losses equals the sum of IGBT and diode losses. Series-connection
of multiple modules must be accounted for in addition to number of converters when
calculating total losses. The latter varies with number of segments, converter levels and
design parameters. To calculate the total semiconductor losses for the system of convert-
ers, all these parameters must be accounted for. This is clarified in chapter 4.2.6 where
measurement parameters are presented.

4.2 Method
In this section, the method and system set-up is presented. Selected IGBT modules, series-
connection of semiconductors, switching frequency, semiconductor junction temperature,
turbine operation and measurement parameters are all presented.

4.2.1 Power devices
Selection of IGBT modules are chosen from ABB’s portfolio. Based on their selection of
voltage classes: 3.3, 4.5 and 6.5 kV IGBT modules were investigated. Specific compo-
nents are given in Table 4.1. For simplicity, the diodes within these IGBT modules are
used as clamping diodes in the 3L-NPC converter.

Table 4.1: Studied IGBT modules.

Manufacturer Model VCES (kV) IC (A)
ABB 5SNA 0400J650100 6.5 400
ABB 5SNA 0650J450300 4.5 650
ABB 5SNA 0800N330100 3.3 800
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4.2.2 Series-connection
Table 4.2 and Table 4.3 presents required series connection of IGBTs and diodes for two
and three level converters for 8 and 16 modules with 1 and 2 redundant modules respec-
tively. A safety margin of y = 55 was used in both calculations. The basis for the calcula-
tion is found in chapter 2.4.

Table 4.2: Required series-connection of de-
vices with 8 segments (N = 8) and 1 redundant
modules (z = 1).

VCES IGBT (kV) nseries,2L nseries,3L

6.5 4 2
4.5 6 3
3.3 8 4

Table 4.3: Required series-connection of de-
vices with 16 segments (N = 16) and 2 redun-
dant modules (z = 2).

VCES IGBT (kV) nseries,2L nseries,3L

6.5 2 1
4.5 3 2
3.3 4 2

4.2.3 Converter switching frequency
Switching frequency influence switching losses in IGBTs and diodes and should be studied
for various values when comparing various voltage ratings of semiconductors. Based on
the work of [42], a switching frequency range of 0.5-2.0 kHz is considered as feasible for
the full-scale 10 MW ModHVDC application and is therefore studied.

4.2.4 IGBT and diode junction temperatures
Thermal stress is the main contributor to power electronic failures [19, Fig. 3.1]. For
reliability considerations, device junction temperature should be limited to 70-80 % of
maximum allowable junction temperature [43]. The average junction temperatures of de-
vices are limited to 75 ◦C in this analysis. Junction temperatures for semiconductors in
the 2L-VSC and 3L-NPC converter are given in Table 4.4 and Table 4.5.

Table 4.4: Junction temperatures in 2L-VSC
loss analysis.

Device Tj (◦C)
IGBT 75
Diode 75

Table 4.5: Junction temperatures in 3L-NPC
converter loss analysis.

Device Tj (◦C)
T1 and T4 60
T2 and T3 75
D5 and D6 60
D1 and D4 70
D2 and D3 65

4.2.5 Turbine operation
Turbine and generator operation are limited to nominal operation. The wind speed dis-
tribution in Figure 2.15 show that the turbine are in nominal operation for about 1/3 of
a year. By multiplying power production and wind speed distribution it can be proven
that roughly 2/3 of turbine annual energy production are at nominal operation. Therefore,
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this operation point is of highest priority. An ideal mechanical system and generator are
assumed. Rated converter AC-input power are therefor in total 10 MW.

4.2.6 Measurement parameters
The semiconductor losses of a full scale 10 MW configuration involves calculating IGBT
and diode individual losses, then multiplying by the number of components in a base
configuration, further multiply by number of series-connected devices and number of con-
verters in the system.

The expression for total losses with the 2L-VSC are given by equation (4.1). The analytical
expression for losses applies for a single IGBT and diode. There are six IGBTs and diodes
in a two-level converter. Since a series-connection is required, number of series-connected
devices nseries,2L must be multiplied into the equation. As seen in Table 4.2 and Table 4.3,
number of series-connected devices depends on number of segments. Number of segments
N must also be included.

Ptot,2L = N · nseries,2L · 6 · (Psw(T ) + Pcon(T ) + Psw(D) + Pcon(D)) (4.1)

The 3L-NPC converter have an unequal loss distribution, but symmetrically placed devices
have equal losses. In equation (4.2), this can be exemplified by the most upper (T1) and
most lower IGBT (T4) switching losses Psw(T1&T4). The term Psw(T1&T4) is not the sum
of T1 and T4 switching losses, but the individual switching loss for T1 and T4. As losses
in symmetrically placed components are expressed by the same equation, a factor of two
arises. Since there are three phase legs, the losses in a base configuration is multiplied by
three. This leads to the constant 6 and forms the base configuration. Finally, number of
series-connected devices and number of converters must be multiplied into the equation to
obtain total losses.

Ptot,3L = N · nseries,3L · 6 · (Psw(T1&T4) + Pcon(T1&T4) + Psw(T2&T3) + Pcon(T2&T3)

+ Psw(D1&D4) + Pcon(D1&D4) + Psw(D2&D3) + Pcon(D2&D3)

+ Psw(D5&D6) + Pcon(D5&D6))

(4.2)

The chosen turbine operation leads to a total of 10 MW as input power to the AC-side of
the converters. Efficiency can be calculated for both converters as

η =
10 MW− Ptot

10 MW
(4.3)

4.2.7 Analytical models
The models for semiconductor losses in a 2L-VSC and 3L-NPC converter are found in
literature published by the German-based power semiconductor manufacturer Semikron.
Data input to both models and list of symbols are found in appendix chapter A.3.1.
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2L-VSC

The following analytical model estimates the power losses in a single IGBT (T) and diode
(D) in a 2L-VSC with conventional sinusoidal pulse width modulation scheme. The model
is originates from [40, p. 277-279]. Minor changes to that corresponds to the 3L-NPC loss
model found in [17, p. 9] regarding the current are implemented.

Pcon(T ) =

(
1

2π
+
ma cosφ

8

)
VCE0(Tj) · Î +

(
1

8
+
ma cosφ

3π

)
RCE(Tj) · Î2 (4.4)

Pcon(D) =

(
1

2π
− ma cosφ

8

)
VF0(Tj) · Î +

(
1

8
− ma cosφ

3π

)
RF (Tj) · Î2 (4.5)

Psw(T ) = fsw · Esw ·
1

π

(
Î

Iref

)Ki (
Vcc
Vref

)Kv

(1 + TEsw
(Tj − Tref )) (4.6)

Psw(D) = fsw · Err ·
1

π

(
Î

Iref

)Ki (
Vcc
Vref

)Kv

(1 + TErr (Tj − Tref )) (4.7)

Equation (4.4) and (4.5) is a linearized temperature-dependant model of IGBT on-state
and diode forward characteristic to calculate conduction losses. An illustration of the lin-
earization and how to obtain the variables is presented in Figure 4.3. Linear interpolation
to an arbitrary junction temperature Tj is required, as the datasheet limits temperatures to
25 and 125 ◦C. The interpolation is given by equation (4.8) forX , which represent all four
linearization constants.

X(Tj) =
X125◦C −X25◦C

100
· (Tj − 25) +X25◦C (4.8)

The expression within the parentheses in equation (4.4) and (4.5) describes the sinusoidal
dependency of duty cycles versus time. It is based on the assumption of linear modulation
(ma ≤ 1), which is valid for all steady-state operation in this application.
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Figure 4.3: linearization of typical on-state output characteristic of IGBT and typical diode forward
characteristic of ABB 5SNA 0400J650100 IGBT [4].

The switching losses are given by equation (4.6) and (4.7). Difference to datasheet cur-
rent, voltage and temperature reference values are compensated by the correction factors.
Exponents are used in current and voltage correction factors, while junction temperature
correction is a linear function. The current exponent Ki for an IGBT are generally ap-
proximately 1.0 and in the range of 0.5...0.6 for a diode [40, p. 279]. For the specific
IGBT modules, the exponents are chosen to 0.90 for the IGBT and 0.57 for the diode.
The correction is implemented as the original exponents was a better fit for IGBT modules
with current closer to reference value. Voltage correction factor exponents are chosen as
1.2 and 0.6 for the IGBT and diode. Lower interval value (Kv = 1.2) of IGBT voltage
exponent given by [44, Eq. 4] is chosen. Other models [41],[45],[46] uses a linear re-
lationship (Kv = 1) and the chosen value is therefor seen as a justifiable value for the
voltage exponents. Junction temperature is modeled as an average value.

3L-NPC

The analytical models for IGBT and diodes switching and conduction losses in a 3L-NPC
converter are based on [17]. The model for switching losses is modified by adding a cor-
rection factor to compensate for junction temperature difference to datasheet reference
value. This is the same correction factor used in the analytical model for the 2L-VSC.

Conduction and switching losses for all devices are presented in the following equations.
Unlike the 2L-VSC, the loss distribution is unequal. Therefor, losses for symmetric com-
ponents are presented below. Explanation to component reference is given by Figure 2.5.

T1 and T4

Pcon =
maÎ

12π
· (3VCE0(Tj) · ((π − φ) · cosφ+ sinφ) + 2RCE(Tj) · Î · (1 + cosφ)2) (4.9)
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Psw = fsw · Esw ·

(
Î

Iref

)Ki (
VCC

Vref

)KV
(
1 + cosφ

2π

)
(1 + TEsw (Tj − Tref )) (4.10)

T2 and T3

Pcon =
Î

12π
· (VCE0(Tj) · (12+3ma(φ cosφ−sinφ)+RCE(Tj) · Î · (3π−2ma(1−cosφ)2))) (4.11)

Psw = fsw · Esw ·

(
Î

Iref

)Ki (
VCC

Vref

)KV
(
1− cosφ

2π

)
(1 + TEsw (Tj − Tref )) (4.12)

D5 and D6

Pcon =
Î

12π
·(VF0(Tj)·(12+3ma((2φ−π) cosφ−2 sinφ)+RF (Tj)·Î ·(3π−4ma(1+cos2 φ))) (4.13)

Psw = fsw · Erec ·

(
Î

Iref

)Ki (
VCC

Vref

)KV
(
1 + cosφ

2π

)
(1 + TEsw (Tj − Tref )) (4.14)

D1 and D4

Pcon =
maÎ

12π
· (3VF0(Tj) · (−φ cosφ+ sinφ) + 2RF (Tj) · Î(1− cosφ)2) (4.15)

Psw = fsw · Erec ·

(
Î

Iref

)Ki (
VCC

Vref

)KV
(
1− cosφ

2π

)
(1 + TEsw (Tj − Tref )) (4.16)

D2 and D3

Pcon =
maÎ

12π
· (3VF0(Tj) · (−φ cosφ+ sinφ) + 2RF (Tj) · Î(1− cosφ)2) (4.17)

Psw = 0 (4.18)

4.3 Results

4.3.1 2L-VSC
Figure 4.4 show IGBT and diode switching losses as a function of switching frequency for
the three modules. Table 4.6 show IGBT and diode the percentage share of total switching
losses, which is independent of switching frequency. As IGBT module voltage rating
increases, the losses increases and devices are more sensitive to increase in switching
frequency.

Table 4.6: IGBT and diode percentage contribution to total switching losses.

IGBT module Psw(T) Psw(D)

6.5 kV 74 % 26 %
4.5 kV 66 % 34 %
3.3 kV 59 % 41 %

44



0.5 0.75 1 1.25 1.5 1.75 2

Switching frequency (kHz)

0

200

400

600

800

1000

P
s
w

(T
) (

W
)

240

480

720

960

131

262

393

524

 69

138

206

275

6.5 kV IGBT module

4.5 kV IGBT module

3.3 kV IGBT module

0.5 0.75 1 1.25 1.5 1.75 2

Switching frequency (kHz)

0

50

100

150

200

250

300

350

P
s
w

(D
) (

W
)

 82

165

247

330

 66

133

199

266

 47

 95

142

190

6.5 kV IGBT module

4.5 kV IGBT module

3.3 kV IGBT module

Figure 4.4: IGBT Psw(T) (left figure) and diode Psw(D) (right figure) switching losses for the IGBT
modules as a function of frequency.

Figure 4.5 show conduction losses for the three IGBT modules. Table 4.7 presents IGBT
and diode percentage contribution to total conduction losses. It becomes evident that IGBT
conduction losses are negligible and switching losses are the main contributor to losses.
As an example, at 1.0 kHz switching frequency, 85 % of total losses are related to switch-
ing losses for the 6.5 kV module.
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Figure 4.5: IGBT Pcon(T) and diode Pcon(D) conduction losses for the three modules.

Total losses and converter system efficiency are presented in Figure 4.6. Tabular result to
efficiency is given by Table 4.8. The results show that the 3.3 kV module secures highest
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Table 4.7: Conduction losses percentage distribution.

IGBT module Pcon(T) Pcon(D)

6.5 kV 20 % 80 %
4.5 kV 13 % 87 %
3.3 kV 20 % 80 %

efficiency. The 6.5 kV module is slightly more efficient than the 4.5 kV module at 0.5
kHz. However, due to switching losses sensitivity to switching frequency, the efficiency
decreases faster compared to the other modules.

Table 4.8: Converter system efficiency η tabular results.

IGBT module fsw=0.5 kHz fsw=1.0 kHz fsw=1.5 kHz fsw=2.0 kHz
6.5 kV 99.2 % 98.5 % 97.9 % 97.3 %
4.5 kV 99.1 % 98.6 % 98.0 % 97.4 %
3.3 kV 99.3 % 98.9 % 98.4 % 98.0 %
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Figure 4.6: Total power losses Ptot,2L (left figure) and efficiency η (right figure) as a function of
switching frequency.

4.3.2 3L-NPC
Figure 4.7 presents switching losses for the various symmetrical devices in the converter.
Table 4.9 show device percentage contribution to total switching losses. The result show
that switching losses are related to IGBT T2 and T3 in addition to diode D1 and D4.
These devices switching losses are close to 2L-VSC IGBT and diode switching losses,
which coincide with the analytical models.
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Figure 4.7: Switching losses for the various devices as a function of switching frequency.

Table 4.9: Device switching loss relative contribution to total switching losses.

IGBT Module Psw(T1&T4) Psw(T2&T3) Psw(D5&D6) Psw(D1&D4) Psw(D2&D3)

6.5 kV 2 % 73 % 1 % 24 % 0 %
4.5 kV 2 % 66 % 1 % 32 % 0 %
3.3 kV 1 % 59 % 1 % 39 % 0 %

Conduction losses and device percentage contribution to total conduction losses are pre-
sented in Figure 4.8 and Table 4.10. Except for IGBT T1 and T4, conduction losses dis-
tributes differently than switching losses. As with the 2L-VSC, IGBT conduction losses
are small compared to diode losses. Opposite to the 2L-VSC, conduction losses contribute
more to total losses. For the 6.5 kV module at 1.0 kHz switching frequency, switching
losses is 72 % of the total, compared to 85 % in the 2L-VSC.

Table 4.10: Conduction losses percentage distribution.

IGBT Module Pcon(T1&T4) Pcon(T2&T3) Pcon(D5&D6) Pcon(D1&D4) Pcon(D2&D3)

6.5 kV 0 % 24 % 15 % 31 % 31 %
4.5 kV 0 % 13 % 17 % 35 % 35 %
3.3 kV 0 % 21 % 15 % 32 % 32 %

Total losses and efficiency as a function of switching frequency are presented in Figure 4.9.
Efficiency tabular result is presented in Table 4.11. The results applies for eight modules
(N = 8). The 6.5 and 3.3 kV module results are independent of the configurations with
the chosen method in this calculation. The other configuration with 16 modules lead to a
lower efficiency for the 4.5 kV module. The results with 16 modules are found in Table
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A.13 in the appendix.
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Figure 4.9: Total power losses Ptot,3L (left figure) and efficiency η (right figure) as a function of
switching frequency.

As with the 2L-VSC the lowest voltage rated module leads to highest efficiency. However,
the deviation between 6.5 kV module to the 3.3 kV module are lower than for the 2L-VSC.
Additionally, the efficiency are higher for all modules and frequency. All modules provide
efficiency over 99 % at 1.0 kHz or lower.
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Table 4.11: Converter system efficiency η tabular results.

IGBT module fsw=0.5 kHz fsw=1.0 kHz fsw=1.5 kHz fsw=2.0 kHz
6.5 kV 99.5 % 99.1 % 98.8 % 98.5 %
4.5 kV 99.4 % 99.2 % 98.9 % 98.6 %
3.3 kV 99.5 % 99.3 % 99.1 % 98.9 %

4.4 Outcome of calculation
The results in chapter 4.3 show semiconductor losses in the 2L-VSC and 3L-NPC con-
verter. The system set-up and method are presented in chapter 4.2 and the analytical
models are seen in chapter 4.2.7.

For both converters, applying the 3.3 kV IGBT module leads to higher system efficiency
than for higher voltage rated modules. This is in-line with other researchers results found
in literature [27],[45].

The 3L-NPC converter has higher efficiency for all IGBT modules and all frequencies
compared to the 2L-VSC. Numerical values are given in Table 4.8 and Table 4.11. That
result also corresponds to other researchers results [45],[47]. The 3L-NPC converter can
achieve above 99 % efficiency for all modules when switching frequency is limited to 1.0
kHz.

Based on the outcome of this calculation, relevant simulations in chapter 5 will be per-
formed with a 3.3 kV IGBT module since this module features the lowest losses. Switch-
ing frequency will set to 1.0 kHz, where efficiency is kept at 98.9 % and 99.3 % for the
2L-VSC and 3L-NPC converter respectively in nominal operation. This is considered an
acceptable efficiency and the frequency could be used in future research for converters for
this 10 MW application [19, p. 107].
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Chapter 5
System simulation

5.1 Simulation setup

The simulation is conducted in Simulink. The number of generator/converter modules are
limited to two (N = 2) in order to have multiple modules while at the same time minimize
computational effort. The parameter values are based on an eight segment configuration
where two modules are implemented, see Figure 5.1 for an illustration and appendix chap-
ter A.4.1 for parameter values to various system components.

Stator segment 1

Stator segment 2

Generator Converter

1

2

AC

DC

AC

DC

+

vdc,tot

+

-

vdc,1

+

-

vdc,2

idc,1
idc−link

idc,2

R

25 kV

-

Turbine HVDC grid

Figure 5.1: Simulation setup.

Wind speed: The wind speed input to the system is given by Figure 5.2.
This stair-case form will test the system for various wind speeds where both acceleration
and deceleration occurs. Certain analyses such as power quality and converter losses will
be evaluated discretely for each step, not as a continuous function.

Wind turbine: The turbine is Simulink’s library wind turbine model [33]. As discussed
in chapter 2.5, pitch angle are kept zero for all operation. Turbine parameter values are
given in appendix in Table A.14.
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Figure 5.2: Wind speed input.

Segmented PMSG: The developed model of a segmented PMSG seen in appendix chap-
ter A.2.3 will be used. Two segments are included in the simulation. Table A.15 provide
numerical values to various parameters.

Power converters: Simulink power converter models [48][49] with parameter values
given in Table A.16 are used in performance analysis. For simulating losses, a dedi-
cated converter model is used, see appendix chapter A.4.2 for details on this model. The
parametrization given in the mentioned table is equal in all cases.

Control system: System structure is presented in chapter 2.7 and associated tuning in ap-
pendix chapter A.2.4. To be noted is that the DC-bus voltage controller is inactive in all
analysis that does not concern this directly.

HVDC grid: The HVDC grid is adapted to the mentioned configuration. This means that
the stiff DC-voltage source is 25 kV. See Table A.17 for cable resistance.

Loss model: Description of the simulation model for simulating power losses are found
in appendix chapter A.4.2. Based on the results in chapter 4, the converters are equipped
with a 3.3 kV IGBT module. The module is a 250 A/3.3 kV half-bridge IGBT module
from ABB [50]. It is used as Mathworks provide a library model of this module, such that
required forward and switching characteristics are easily available. Comparison between
module losses in the simulation model and the analytical models seen in chapter 4.2.7 are
found in appendix chapter A.4.3.

Segmented PMSG parameter variation: Three DC-bus voltage controller strategies pre-
sented in chapter 3.4 are tested by enforcing a variation between the two segments. The
flux linkage in segment one is 1.05 pu, while the other is 0.95 pu. The converters are ideal
and stator resistance are equal for both segments. Expected voltage variation are presented
in Table A.20. The 3L-NPC converter are used in the simulation.
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5.2 Simulation results

5.2.1 Comparison of state variables

This chapter presents the state variables iq , id, vc1, vc2 for converter 1 and the common
ωr state variable when using a 3L-NPC converter and 2L-VSC. Figure 5.3 and Figure 5.4
show the respective results. The results show that the system is stable, as all state variables
reaches a steady state value corresponding to the reference value for both converter types.
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Figure 5.3: State variables with 3L-NPC converter.

Both the d and q-axis current show considerable oscillation during a step change, such
as at 105 seconds. The peak value of the oscillation are greater in the 3L-NPC converter
than in the 2L-VSC. The oscillation could be related to controller tuning method, but
might also be coupled to other state variables. Revised tuning method and/or reduction of
proportional constants can reduce the oscillations. However, the results is acceptable for
the purpose of this investigation. The peak value difference between the converters might
be due to the capacitor voltages and associated controller, but remains to be investigated.
For the 3L-NPC converter, both capacitor voltages are kept within an acceptable deviation
and neutral point drift is negligible. Capacitor voltages in the 2L-VSC are identical at
all times as they operate effectively as a single capacitor that charges/discharges equally.
Shaft speed dynamic are slower than the other state variables due to the system inertia.
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Figure 5.4: State variables with 2L-VSC.

5.2.2 Waveform comparison
Phase current

The 3L-NPC converter and 2L-VSC phase currents iabc are presented in Figure 5.5 and
Figure 5.6 respectively. These figures show steady state waveform of all three phase cur-
rents for all four wind speed steps.

For all wind speeds, the 3L-NPC converter waveforms are observably less distorted when
compared to the 2L-VSC. This observation will be quantified in chapter 5.2.3, when the
harmonic content of the currents will be measured. The 3L-NPC converter features a
voltage balancing controller. This could potentially distort the phase currents in order to
keep the neutral-point voltage from drifting. However, it can be observed that neither the
neutral point is drifting in Figure 5.4c and the phase current seems marginally affected by
the controller.

Line-to-line voltage

Figure 5.7 and Figure 5.8 show one (vab) of three line-to-line voltages for the 3L-NPC
converter and 2L-VSC.

The 3L-NPC converter line-to-line voltage are considerably reduced at 3 and 6 m/s wind
speed compared to 9 and 12 m/s. Both amplitude and number of levels are reduced. It
indicated that the phase voltages va and vb are modulated such that the states are not 1 and
-1 simultaneously, which is required to obtain the shape seen in Figure 5.7c and Figure
5.7d. It might imply that the modulation index must reach a certain threshold for this to be
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Figure 5.5: Steady state phase current iabc with the 3L-NPC converter.
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Figure 5.6: Steady state phase current iabc with the 2L-VSC.

true. The 2L-VSC does not have this multilevel characteristic, and the line-to-line voltage
are in amplitude and number of levels equal for all wind speed. In chapter 5.2.3, a power
quality analysis of both line-to-line voltages are performed.
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Figure 5.7: Steady state line-to-line voltage vab with the 3L-NPC converter.
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Figure 5.8: Steady state line-to-line voltage vab with the 2L-VSC.

DC-link voltage and current

The DC-link voltage vdc,tot and current idc−link are shown for both converters in Figure
5.9.
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(c) idc−link with 3L-NPC converter.
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Figure 5.9: DC-link voltage and current for both converters. Full simulation course.

The results show that the ripple in DC-link current is considerably reduced with the 3L-
NPC converter compared to the 2L-VSC. This propagates to the DC-link voltage due to
the modelling of a constant DC-source and a resistor as HVDC grid. Table 5.1 show the
ripple for both converters for all four wind speeds. The ripple ∆idc−link is calculated as
the difference between the maximum and minimum value of the current over a 5 second
period in steady state.

Table 5.1: DC-link current ripple ∆idc−link in per unit for all wind speeds and both converters.

Vw 2L-VSC 3L-NPC
3 m/s 0.059 0.034
6 m/s 0.197 0.103
9 m/s 0.439 0.158

12 m/s 0.843 0.434

The observed dq-axis current oscillation right after a step change is also observable in the
DC-link current and is greater for the 3L-NPC converter compraed to the 2L-VSC.

5.2.3 Comparison of power quality
The power quality investigation is limited to measurement of total harmonic distortion
(THD) in AC-side phase current and line-to-line voltage. This will quantify the observa-
tions made in the waveform analysis. The results are seen in Figure 5.10 where the THD
is given in percentage.
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Figure 5.10: THD in phase current and line-to-line voltage for both converters and various wind
speeds.

In accordance to the observations in Figure 5.5-5.8, the THD are greater for lower wind
speeds for both current and voltage. Additionally the current is less distorted than the
voltage and the 3L-NPC converter feature lower THD than the 2L-VSC. For both current
and voltage, the THD are reduced in all cases.

5.2.4 Converter loss comparison
Switching and conduction losses

Figure 5.11 show switching and conduction losses with the two converters.
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Figure 5.11: Switching and conduction losses in the 3L-NPC converter and 2L-VSC.

The 3L-NPC converter switching losses is approximately only related to IGBT T2 and T3
and diode D1 and D4. For the 2L-VSC, switching losses are dominated by the IGBT. For
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both converters, IGBT and diode switching losses makes up roughly 70 % and 30 % of
total switching losses for all wind speeds. The conduction losses takes up a greater share
of total losses in the 3L-NPC converter compared to the 2L-VSC. Conduction losses share
of total losses are 26 % and 46 % for at 3 and 12 m/s wind speed respectively with the
3L-NPC. This is reduced to 13 % and 29 % with the 2L-VSC.

Junction temperatures

The junction temperatures in the various semiconductor devices in both converters are pre-
sented in Figure 5.12. The results show how the uneven loss distribution in the 3L-NPC
converter leads to a 20 ◦C difference between the hottest and coldest semiconductor junc-
tion. This is one of the disadvantages of this converter, as the converter and its associated
cooling system must be rated for the maximum temperature in that single device. Temper-
ature discrepancy between semiconductor die junctions are limited to 8 ◦C in the 2L-VSC,
but the temperatures are higher in this converter. This is due to higher losses, while system
set-up including cooling system are equal for both converters.
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Figure 5.12: Semiconductor junction temperatures for both converters.

Efficiency

The total losses and efficiency for both converters are presented in Table 5.2. As in chapter
4, when calculating efficiency, an ideal power transfer is assumed. For this system, the
input power to each converter is 1.25 MW. Total converter system AC-side input power is
2.5 MW at rated wind speed. Comparison to results in chapter 4 are possible by the relative
measure of efficiency or by multiplying total power losses by 4. The cubed relationship
between power and wind speed as given in chapter 2.5 is assumed to hold.

Table 5.2: Total losses and efficiency with both converters.

Vw Ptot 3L-NPC η 3L-NPC Ptot 2L-VSC η 2L-VSC
3 m/s 1.0 kW 97.4 % 2.2 kW 94.3 %
6 m/s 4.6 kW 98.5 % 7.7 kW 97.5 %
9 m/s 9.8 kW 99.1 % 15.8 kW 98.5 %
12 m/s 17.4 kW 99.3 % 27.4 kW 98.9 %
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Based on the four data-points in Table 5.2, an approximation of the total losses can be
performed. Equation (5.1) is used to estimate total power losses for all wind speeds in the
range from 3 m/s to 12 m/s for both converters. Table 5.3 show the associated constants
numerical value.

Ptot = a · (Vw)b (5.1)

Table 5.3: Constants for approximation of total losses as a function of wind speed and associated
coefficient of determination (R2).

Constant 2L-VSC 3L-NPC
a 0.3009 0.1133
b 1.81 2.034

R2 0.9992 0.9999

The efficiency of both converters as a function of wind speed can now be approximated by
equation (5.2).

η = 1− Ptot
Pin

= 1− a · (Vw)b

2500 ·
(
Vw

12

)3 (5.2)

The valid range of this formula can be extended from an upper limit of 12 to 24 m/s by
assuming that the efficiency is constant in turbine operation region 3. Figure 5.13 show the
efficiency for both converters as a function of wind speed in the range from 3 to 24 m/s.
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Figure 5.13: Efficiency as a function of wind speed for both converters.

The result show that the 3L-NPC converter have higher efficiency than the 2L-VSC for all
wind speeds. Efficiency deviation is greatest at lowest wind speed and decreases as the
wind speed increases. In order to describe the effect of this results, a weighted average
efficiency η̄ is introduced.

The weighted average efficiency is calculated by combining the wind speed distribution,
AC-side input power and converter efficiency as a function of wind speeds in turbine op-
eration region 2 and 3. The product of the wind speed distribution and the AC-side input
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power are used as the weight. The combination of these are seen in Figure 5.14a. The
combination of converter efficiency and the wind speed distribution are presented in Fig-
ure 5.14b.
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Figure 5.14: The AC-side input power, converter efficiency and the discretized wind speed distribu-
tion in turbine operation region 2 and 3.

Equation (5.3) show the mathematical expression for the weighted average efficiency and
Table A.27 in appendix show the input data.

η̄ =

24∑
Vw=3

Pin(Vw) · f(Vw) · η(Vw)

24∑
Vw=3

Pin(Vw) · f(Vw)

(5.3)

The resulting weighted average values are given by Table 5.4. The result show that the
3L-NPC converter has a 0.5 % higher weighted average efficiency compared to the 2L-
VSC. Set in context, for a 10 MW wind turbine as modelled in this thesis, 0.5 % weighted
efficiency translates to 210 MWh/year. As a note, this is roughly one sixth of potential
differences related to control methods seen in chapter 3.3.

Table 5.4: Resulting converter weighted average efficiency.

Converter η̄
2L-VSC 98.7 %
3L-NPC 99.2 %

The result in Table 5.4 show that studying efficiency for only nominal operation as con-
ducted in chapter 4, is a good indicator of weighted average efficiency. The weighted
average efficiency is 0.1 % lower for the 3L-NPC converter and 0.2 % lower for the 2L-
VSC compared to efficiency at nominal wind speed.

5.2.5 DC-bus voltage controller strategies

Three of four DC-bus voltage controller strategies presented in chapter 3.4 are tested in
this simulation. These are presented as three strategies; strategy 1 (Str 1), strategy 2 (Str
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2) and strategy 3 (Str 3).

The first strategy excludes the DC-bus voltage controller and the DC-bus voltages are un-
regulated. The second strategy is controlling the DC-bus voltage to be equal for both con-
verters without lowering power output. The third strategy is controlling the DC-bus volt-
age to be equal, but power is derated in order to avoid overloading of generator/converter
module 2. Figure 5.15 show the resulting q-axis currents iq,i, DC-bus voltage in relation
to the average DC-bus voltage vdc,i

vdc,avg
and the DC-link power pdc−link.
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Figure 5.15: Q-axis currents, DC-bus voltages and DC-link power for three DC-bus voltage con-
troller strategies.

With strategy one, both q-axis current are identical as if both generator/converter modules
were equal. The difference are seen in DC-bus voltage. Module one DC-bus voltage de-
viates roughly 5 % to the average DC-bus voltage, while module two deviates by roughly
-5 % in steady state. The observed oscillation during step changes can also be observed in
the dc-bus voltages, the peak voltages are roughly 7 % and -7 %. The power however, are
unaffected by the DC-bus voltage balancing.
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Strategy two leads to balanced voltages, but as seen in Figure 5.15b, the q-axis current in
module two is approximately 1.05 pu. In SI-units, this corresponds to 8 A overloading.
The power remain approximately unaffected, but a slight reduction are observed. This
could be due to stator losses quadratic relationship to current, but remains to be investi-
gated.

The final strategy keeps the voltages balanced and avoids q-axis overloading, but the power
is reduced at nominal operation. Table 5.5 show the mean value of DC-link power during
steady state at nominal operation.

Table 5.5: Mean of DC-link power in time interval 50 ≤ t ≤ 60.

Strategy pdc−link Pdc−link
1 1.962 pu 2.453 MW
2 1.956 pu 2.445 MW
3 1.819 pu 2.274 MW

The result in Table 5.5 show that strategy one has the highest power output. The difference
with respect to strategy two can be due to the increase in current leads to an increase in
resistive losses in the PMSG segment, but remains to be investigated. Comparing strategy
one and three, leads to a difference in 0.179 MW. As stated in chapter 3.4, the purpose
of these results are not to conclude optimal DC-bus voltage controller strategy, but rather
show difference and inspire future work.

5.3 Summary of simulation results
The results in Figure 5.3 and Figure 5.4 show that the system in question can be stabilized
when using both the 2L-VSC and 3L-NPC converter. The results showed oscillation in
dq-axis currents that might be related to controller tuning. Neutral point voltage showed
no sign of drifting with the 3L-NPC converter, which could be a challenge with this con-
verter. The 2L-VSC has self-balanced capacitors for this system. The shaft speed state
variable showed a considerable slower behaviour than the other states. This is due to the
mechanical time constant of this system, compared to the time constants related to the
inductance and capacitance in dq-axis AC-side current and DC-side voltage.

The waveform comparison showed that the 3L-NPC converter phase currents was not dis-
torted by adding the capacitor voltage balancing control. For all four wind speeds, the
AC-side current was less distorted with a 3L-NPC converter than with a 2L-VSC. The 3L-
NPC converter line-to-line voltage shows different behaviour compared to the 2L-VSC,
due to the multilevel function. At lower wind speeds, the line-to-line voltage amplitude
is reduced, but only two levels are active. When the wind speed increases, the three-level
characteristic shape becomes visible. With the 2L-VSC, the line-to-line voltage are iden-
tical at all times, in terms of number of levels and amplitude. Finally, the DC-link voltage
and current was studied. The results showed that the ripple in DC-link current was almost
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reduced to half with the 3L-NPC compared to the 2L-VSC for all four wind speeds. The
ripple increases as wind speed increases and its maximum occurs at nominal speed.

The power quality analysis showed that the current and line-to-line voltage THD are
roughly reduced to half for all four studied wind speeds, when using the 3L-NPC con-
verter compared to the 2L-VSC.

The converter loss comparison showed that the 3L-NPC converter switching losses are
limited to IGBT T2&T3 and diode D1&D4. Conduction losses make up a greater share
of total losses compared to the 2L-VSC and the losses are lower than with the 2L-VSC.
The characteristic loss distribution in the 3L-NPC converter leads to a great variation in
semiconductor junction temperature, as the difference between the diode D1&D4 junction
temperature and IGBT T1&T4 junction temperature was 20 ◦C. This is limited to 8 ◦C
in the 2L-VSC. At the same time, the maximum temperature was higher in the 2L-VSC
(diode 88 ◦C), while diode D1&D4 was limited to 76 ◦C. An extensive calculation process
led to the result of weighted average efficiency for both converters. The result showed that
the 3L-NPC converter have a 0.5 % higher weighted average efficiency compared to the
2L-VSC.

Three different DC-bus voltage controller strategies were tested in chapter 5.2.5. The re-
sults show how these differs in q-axis current, DC-bus voltage and system output power.
When the DC-bus voltage controller is inactive, the current remains as presented in the
state analysis, but the DC-bus voltages starts deviating to the desired value. The deviation
is compensated by increasing/decreasing the q-axis current freely in strategy two. This
leads to overloading of module two in nominal operation, but the output power remains
unaffected. Strategy three limits q-axis current to maximum 1.0 pu. This does not in-
fluence the system prior to nominal operation. However, at rated wind speed, the power
output is decreased in order to keep module two from overloading.
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Chapter 6
Discussion

6.1 Selection of power converters

This thesis limited the scope of power converters to only study the 3L-NPC converter and
use the 2L-VSC for comparison based on previous research in the specialization project
[16]. The mentioned converters are well-known and commonly used in industry. However,
many converters that might be interesting to study are overlooked. It is acknowledge that
e.g. the five-level or even higher level MMC could be very suitable for this application as
a multilevel converter. This is one option of converters to avoid series connection of 3.3
kV IGBT modules with the calculation method of series-connection requirements as given
chapter 2.4. Additionally, power quality would be better with a higher level converter,
such that filter requirements might be less restrictive. At the same time, such a converter
might feature more complex circuitry and control compared to the two studied converters
in this thesis. Additionally, the efficiency and reliability of such a system remains to be
investigated.

A wide variety of three-level converters also exist. Of special interest could be the three-
level active neutral point clamped (3L-ANPC) converter. This topology is derived from the
3L-NPC with the aim of lower or balance the losses more equally between components. It
does so by replacing the clamping diodes by IGBTs and adding adequate switching strate-
gies. The benefit of a better loss distribution is smaller differences between semiconductor
junction temperatures as seen in Figure 5.12a. This could be beneficial in terms of con-
verter reliability and lifetime [47, Tab. VIII]. This converter could have been included in
this study, but at the same time, it might be too similar to the 3L-NPC. Study of 3L-ANPC
and 5L-MMC or higher level MMC and how they compare to the results obtained in this
thesis are recommended as future work.
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6.2 DC-bus voltage controller analysis
The case study in chapter 3.3 parameterized eight modules by using normal distributed
parameters. The validity of the parameters value and standard deviation in a real machine
might be low. Coupled dependencies between variables, dynamic operation influence to
the parameters such as temperature influence and positive/negative feedback effects and
other aspects might be overlooked, such that the parameters are unrealistic. As shown in
chapter 5.2, converter efficiency variation ranging from 96.5 % to 99 % as used in the case
study, might not be true for two converters with approximately equal voltage and current
and no faults. Therefore, the results and observation of expected steady state DC-bus volt-
age variation of ± 5 % might be conservative.

The evaluated strategies for compensating DC-bus voltage difference did only considered
the converters electrical aspects of changing q-axis current and thus associated torque and
power. Any effects of the control strategies to the generator are not considered. This
might provide new insight that changes preconditions for the analysis, e.q. by mechanical
aspects due to the segmented stator. Additionally, the losses in a stator segment was limited
to the electrical losses by stator resistance. Also magnetic losses and stray losses could be
accounted for in a more complete analysis [51, p. 34].

6.3 Converter and IGBT module loss calculation
In chapter 4 the two converters losses with three different IGBT modules were studied for
switching frequency range 0.5-2.0 kHz. Losses were calculated by the aid of analytical
models detailed in chapter 4.2.7.

The potential power semiconductor technologies to be used in wind power applications
are typically IGBT modules, IGBT press-pack packages and Integrated Gate Commutated
Thyristor (IGCT) press-pack packages [19, p. 26]. In this calculation, the selection was
limited to IGBT modules. Unforeseen benefits with IGBT and IGCT press-pack packages
for this application might be overlooked and could be studied further. However, at least for
ABBs portfolio, the current ratings of the IGBT and IGCT press-pack packages might be
too extensive to for this application, as the current are limited to only 110 A RMS. Semi-
conductor manufacturer selection might not be limited to ABB in future work. Multiple
options exist, such as Infineon, Mitsubishi and Hitachi products could be alternatives to the
modules presented. ABB was chosen based on their selection of components, industrial
status and for ease of comparison between various modules. Comparing modules between
manufacturers might introduce additional uncertainty as their tests methods for obtaining
datasheet values might vary [44]. Experimental results with a dedicated lab setup might
be required for comparing modules.

The analytical models uses compensation factors for current, voltage and temperature dif-
ference to reference values. There are numerous associated uncertainties, such as the
value of current, voltage and temperature compensation factors constants. Additionally,
the models might represent experimental results better for certain intervals of current and
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voltage. As an example, the peak value of current in this application is only 39 %, 24 %
and 20 % of the 6.5, 4.5 and 3.3 kV IGBT modules reference current respectively. If the
analytical calculation models are a good representation for this discrepancy between actual
and reference current remains to be investigated. It could be that the 3.3 kV proves more
efficient, since the difference between reference and actual current are greater compared
to the 4.5 and 6.5 kV module. However, analytical model and simulation model results
for the 250 A/3.3 kV IGBT module used in chapter 5 gave results that corresponds well,
see appendix chapter A.4.3. At the same time, this is a 250 A IGBT module, where the
reference current is closer to the peak value application current. Future work could be to
further investigate differences between various IGBT modules.

Comparing IGBT modules based on their datasheet values can introduce extra uncertainty.
As an example, application specific values such as stray inductance and gate resistance
might influence reference switching losses. The studied IGBT modules have all differ-
ent stray inductance, gate resistance and the 4.5 kV module uses a gate-emitter capacitor.
These are all factors that contribute to uncertainties, when comparing the devices based on
datasheet values.

Potential risks of extensive series-connections of semiconductors, possible extra control
and hardware additions such as delay functions and snubber circuits are overlooked. It
might be that using a 6.5 kV module is more convenient and maybe even more efficient in
a 16 segment configuration than using 3.3 kV modules in e.g. an 8 segment configuration.
The former avoids series-connection of devices in a 3L-NPC converter while the latter
would lead to four devices in series. More insight to the challenge of series-connecting
IGBT modules might be required for future design choices if three-level converters are
still to be evaluated.

6.4 System simulation
In chapter 5, simulation results were obtained for comparing performance of a 2L-VSC
and 3L-NPC converter in a ModHVDC application with two generator/converter modules.

The selection of two modules was chosen in order to minimize computational efforts, re-
duce simulation time and at the same time, multiple modules are studied. Including more
modules might introduce new results that are not observable with only two modules. Ad-
ditionally, the wind speed input to the system is without any gusts or stochastic behaviour.
System performance might be different with other wind speed input. The inclusion of
wind turbine operation region three and a pitch angle controller could also be a reasonable
future extension. Moreover, further model advancements could be an improved DC-grid
model. This could extend the proposed feasibility of the ModHVDC generator with a 3L-
NPC converter in a 10 MW wind turbine application. However, for the purpose of this
project the simplified system representation was adequate.

The simulation model for obtaining losses and calculating efficiency is limited. An ex-
tension could be considering losses in time instead of an average value. This means that
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thermal impedance could be used instead of thermal resistance for thermal models. Fur-
ther, this may allow for studying e.g. thermal cycling, which could be interesting for
investigating reliability and availability of converters. This could be another factor that in-
fluence performance in a comparison of the converters. The presented model can include
this extension by minor changes.
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Chapter 7
Conclusion

This thesis had four research objectives and two research questions. The four objectives
were all achieved and their associated results are the basis for answering the research ques-
tions.

The first objective of developing an adequate system model was achieved by the system
modelling described in chapter 2, with its proof of concept in chapter 5. One of the con-
tributions from this thesis is the model development and validation of a stator segmented
PMSG as a Simulink model. The characteristic stator segments that are magnetically iso-
lated and mechanically coupled was successfully developed and validated, see chapter 2.4
and appendix chapter A.2.3.

Objective two was accomplished in chapter 3. The steady state analysis presented the
problem of DC-bus voltage control with series-connected converters. The following sub-
chapter presented control methods and related challenges. A case study of eight genera-
tor/converter modules with normal distributed parameters was used in order to simulate
what could be expected as DC-bus voltage variation between modules. The research ques-
tion associated with the objective was:

What are the alternatives for balancing the DC-bus voltages and what are their
consequences?

The case study result in Table 3.3 shows that a steady state voltage deviation of roughly
± 4-5 % might be expected. The results in Figure 5.15c show that transient overshoot
might occur, so further voltage stress to certain modules should be accounted for in future
designs. The alternative for keeping all DC-bus voltages equal are changing the q-axis
current. By changing the current, some modules might be overloaded in turbine opera-
tional region 3. The alternatives are either to accept overloading or to lower the power
output of all converters to the generator/converter module with lowest output power. For
the case study, this meant that one module -4.5 % voltage deviation to average voltage was
compensated by reducing total DC-power output by 4.5 %. This would lead to a loss of

68



1.3 GWh/year for a 10 MW turbine. This could potentially be a weak-point with the Mod-
HVDC concept, as such losses are not acceptable from an economic perspective. Future
work is recommenced to study this further.

The third objective was studied in chapter 4. Three different voltage rated industrially
available IGBT modules from ABB were compared in terms of losses when used in both
a 2L-VSC and 3L-NPC converter. A required series-connection was established, evalu-
ated switching frequency range was 0.5-2.0 kHz, the junction temperatures was limited to
75 ◦C, the turbine operation was set to nominal operation and measurement parameters
were defined in chapter 4.2. By using the analytical models presented in chapter 4.2.7 for
calculating losses, the results in chapter 4.3 showed that the 3.3 kV IGBT had the lowest
losses for all considered IGBT modules. Additionally, the 3L-NPC converter proved more
efficient than the 2L-VSC. The latter was supported by the simulation results in chapter
5.2.

Finally, the fourth objective was to investigate the performance of a 3L-NPC converter
and compare to a 2L-VSC. This was conducted in chapter 5. Performance was evaluated
by comparing state variables, AC and DC-side waveforms, power quality, losses and effi-
ciency for the two converters. The loss results were obtained with a 3.3 kV IGBT module.
The results from investigating the state variables proved the feasibility of the 3L-NPC
converter in the ModHVDC application as the system was stable and operating as desired.
The waveform comparison showed that both AC-side phase current, line-to-line voltage
and DC-side current were considerably less distorted for a 3L-NPC converter compared
to a 2L-VSC. The power quality of the AC-side current and line-to-line voltage showed
significant improvement with a 3L-NPC converter compared to a 2L-VSC. THD in both
current and voltage was considerably reduced for all wind speeds. Finally, the losses and
efficiency were treated as continuous functions for turbine operation region 2 and 3. Tur-
bine power production, the discretized wind speed distribution and efficiency were com-
bined in order to calculate a weighted average efficiency of both converters. The results
was that the 3L-NPC converter had 0.5 % higher efficiency compared to a 2L-VSC, as
evidenced by its efficiency of 99.2 % compared to 98.7 % for 1.0 kHz converter switching
frequency. This helps answering the research questions of:

How does the 3L-NPC converter compare to a conventional 2L-VSC in terms of
performance and losses in the ModHVDC application and is it a suitable converter?

The 3L-NPC converter can perform in a stable manner and therefore offer a secure opera-
tion. It has better AC-side power quality in both current and line-to-line voltage, DC-side
current ripple is reduced, it is not negatively affected by the capacitor voltage balancing
control-addition, the losses are lower and the weighted average efficiency is higher than
in the 2L-VSC. Based on these findings, it can be concluded that the 3L-NPC converter
out-performs the 2L-VSC and is a suitable converter for use and future research as power
converter for the ModHVDC generator.
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Chapter 8
Future work

The selection of power converters was limited to the 3L-NPC converter and 2L-VSC.
One future extension could be to study and compare a 3L-ANPC converter and/or a five
or higher-level half or full-bridge MMC to the results obtained in this thesis. Based on
ABB’s selection of power converter in their simulation tool SEMIS [52], this might be the
most relevant converters for future study due to their industrial prevalence.

Another relevant extension for future work would be to further study and compare IGBT
modules, where other manufactures than ABB are included. Accounting for datasheet
difference such as gate resistance variation and compensate these differences in order to
conduct a more accurate comparison are proposed as future work.

Conventional SPWM was used as modulation technique for both converters. Recom-
mended for future work is to study other modulation strategies, e.g. space vector mod-
ulation (SVM) and compare difference. SVM can extend the linear modulation range [53]
of converters, such that the voltage and current ratings might also be revised. Addition-
ally, a dedicated study of voltage balancing techniques should also be seen in light of the
various modulation strategies.

It would be interesting in future work to combine the three previous recommendations by
comparing converters, IGBT modules and modulation strategies. The results might limit
the region of selection and certain converters, IGBT modules and modulation strategies
to be even further studied. This could be done by studying switching frequency and DC-
capacitor requirements and AC/DC-side filter requirements and treat it as an optimization
problem. The objective could be to minimize losses, mass and volume of the various
converter configurations. This would give deep insight to future design and selection of
converters.

A laboratory set-up, obtaining experimental results and validating the results in this the-
sis, e.g. the analytical and simulation model for losses, would be valuable. This thesis
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have contributed with insight that can be used when setting up a lab-scale realization of
a ModHVDC generator. At a time, it was a goal of this thesis to obtaining experimental
results, but the consequences of the world wide virus outbreak COVID-19 did not allow
for this to be conducted. Therefor, when the laboratory is again open, experimental results
to validate the simulation results with the 3L-NPC converter would be of great interest.
This might also introduce new issues that are ignored in this thesis that might be impor-
tant and overlooked. This might be related to the IGBT modules rating, control system
implementation and more.
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Appendix A
Appendix

A.1 Per unit system

A.1.1 Base values

Table A.1: Per unit system: AC quantities

Quantity Expression Value Unit

Voltage Vb =

√
2

3
Vac 5.36 kV

Current Ib =
√

2Iac 155.6 A

Apparent power Sb =
3

2
IbVb

10
8 ·N MVA

Active power Pb = Sb
10
8 ·N MW

Reactive power Qb = Sb
10
8 ·N MVAr

Angular frequency Ωb = 2πfb 188.3 rad/s

Impedance Zb =
Vb
Ib

34.4 Ω

Capacitance Cb =
1

ΩbZb
1.54e-4 F

Inductance Lb =
Zb
Ωb

0.1828 H

Flux linkage Ψb =
Vb
Ωb

28.44 Wb
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Table A.2: Per unit system: DC quantities

Quantity Expression Unit
Voltage Vb,dc = 2Vb 10.7 kV

Current Ib,dc =
3

4
Ib 116.7 A

Power Pb,dc = Sb
10
8 ·N MW

Resistance Rb,dc =
8

3
Zb 91.8 Ω

Capacitance Cb,dc =
3

8
Cb 5.78e-5 F

Table A.3: Per unit system: Mechanical quantities

Quantity Expression Unit

Angular speed Ωb,m =
Ωb
Pp

2.4458 rad/s

Torque Tb = Pp
Pb
Ωb

1.02e6 Nm

A.1.2 Per unit values
Per unit values of an arbitrary unit X is defined as:

xpu =
Xreal

Xbase
(A.1)
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A.2 Chapter 2

A.2.1 PMSG
The permanent magnet synchronous generator (PMSG) are at present the most popular
generator for high-power wind energy conversion system [54]. Use of permanent mag-
nets instead of rotor windings, means that the generator needs no external excitation and
enables a more efficient, reliable and more compact generator compared to competing
technologies [55, p. 310][56].

The two main types of rotor designs for a PMSG are:[57, p. 20]

1. With surface mounted magnets - non-salient pole rotor

2. With interior mounted magnets - salient pole rotor

An illustration of the difference are seen in Figure A.1. The first type uses special ad-
hesives and resilient coating to mount the magnets to the rotor surface. The round rotor
construction leads to an isotropic machine, i.e. equal direct (d) and quadrature (q) axis
inductance. This is however an approximation, as the minor contribution of magnet recoil
permeability temperature dependency is neglected [57, p. 21]. Surface mounted magnets
are typically used in direct driven PMSG in wind turbines [5] and is therefore chosen for
machine modeling.

Figure A.1: Left: surface mounted magnets. Right: built-in magnets [5].

Theoretical background for single segment PMSG

Figure A.2a show a cross-section of a 2-pole round rotor machine. The illustration and
stator schematic in Figure A.2b are used as a reference for modeling in both abc and dq-
reference frame. The derivation used in this chapter is fundamental to the modeling of the
machine with segmented stator in chapter 2.3.1.

Representation in abc-reference frame

The voltage balance equation for a synchronous machine with generator reference can be
expressed by equation (A.2) [25, p. 440].
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Figure A.2: Illustration of a round rotor PMSM showing the dq axis in a rotating reference frame

~Vabc = −Rs~Iabc + ~Eabc = −Rs~Iabc +
d~Ψabc

dt
(A.2)

Unlike the wound rotor synchronous machine, the flux linkage can be expressed without
coupled stator-rotor flux linkage due to the permanent magnets. Summing stator ~Ψs

abc

and rotor-side ~Ψr
abc flux linkage are therefor possible [24, p. 22]. Rotor-side flux linkage

amplitude Ψm is constant as the magnets produces a constant flux. By using the stator-
side inductance Labcs matrix and currents, the stator-side flux linkage contribution to total
stator-side flux linkage ~Ψabc are found.

~Ψabc = ~Ψr
abc − ~Ψs

abc (A.3)

~Ψs
abc = Ls

abc
~Iabc =

Laa Lab Lac
Lba Lbb Lbc
Lca Lcb Lcc

iaib
ic

 (A.4)

~Ψr
abc = Ψm

 cos (θr)
cos (θr − 2

3π)
cos (θr + 2

3π)

 (A.5)

The self-inductance due to air-gap flux Lg0 of a round rotor machine are constant as there
is no saliency [59, p. 62]. This simplifies the expression for total self inductance of the
phases to the aforementioned and leakage inductance Lσs, which are both constant.

Laa = Lbb = Lcc = Lσs + Lg0 (A.6)

By evaluating the air-gap flux that links the different phases, it can be shown that the
mutual inductance is also constant due to the round rotor [59, p. 64].

Lij = −Lg0
2
, i 6= j (A.7)
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Stator inductance matrix becomes:

Ls
abc =


Lσs + Lg0 −Lg0

2
−Lg0

2

−Lg0
2

Lσs + Lg0 −Lg0
2

−Lg0
2

−Lg0
2

Lσs + Lg0

 (A.8)

Representation in dq0-reference frame

The stationary abc reference frame time varying coefficients introduces considerable com-
plexity in solving machine and power system problems. To obtain time-invariant expres-
sions and ease computations, the Park transform can be applied with rotors synchronously
rotating reference frame. Numerous transformations exist and are dependant on the dq-
axis orientation and reference angle to the magnetic a-axis. The chosen orientation in this
thesis are widely used and in line with IEEE standard definition [59, p.53], see Figure A.3.
It is also chosen to use the amplitude invariant transformation, i.e. value of dq-component
equals peak-value of abc-component. The transformation matrices are:

Pdq0 =
2

3

 cos (θr) cos (θr − 2
3π) cos (θr + 2

3π)
− sin (θr) − sin (θr − 2

3π) − sin (θr + 2
3π)

1
2

1
2

1
2

 (A.9)

P−1
dq0 =

 cos (θr) − sin (θr) 1
cos (θr − 2

3π) − sin (θr − 2
3π) 1

cos (θr + 2
3π) − sin (θr + 2

3π) 1

 (A.10)

A general transformation from to abc to dq0 reference frame and reverse:

~fdq0 = Pdq0
~fabc (A.11)

~fabc = P−1
dq0

~fdq0 (A.12)

Flux linkage in dq0 reference frame

The stator flux linkage are found in dq0-components by using the Park transform to equa-
tion (A.4).

~Ψs
dq0 = Pdq0L

s
abcP

−1
dq0

~Idq0 =


Lσs +

3Lg0
2

0 0

0 Lσs +
3Lg0

2
0

0 0 Lσs


IdIq
I0

 (A.13)

Defining the dq0-inductances as:

Ld = Lq = Lσs +
3Lg0

2
L0 = Lσs

(A.14)
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Figure A.3: Park transform. Stationary abc-reference frame converted to synchronously rotating
dq-reference frame. Inspired by [6, p. 143].

And the following expression are valid for stator-side flux linkage:

Ψs
d = LdId

Ψs
q = LqIq

Ψs
0 = L0I0

(A.15)

The rotor-side flux linkage are found by applying the Park transform to equation (A.5).
As seen in Figure A.2a, the d-axis is oriented with respect to the magnetic north pole. As
a consequence, rotor-side flux linkage is constant in the d-axis and zero i q-axis as it is
orthogonal to the flux.

~Ψr
dq0 = Pdq0Ψm

 cos (θr)
cos (θr − 2

3π)
cos (θr + 2

3π)

 =

Ψm

0
0

 (A.16)

Total flux linkage in dq0 reference frame is:

Ψd = Ψm − LdId
Ψq = −LqIq
Ψ0 = −L0I0

(A.17)

Stator voltage in dq0 reference frame

The starting point of the derivation is the basic phase voltage, equation (A.2). The results
of applying the Park transform is:

~Vdq0P
−1
dq0 = −RsP−1

dq0
~Idq0 +

d

dt

(
P−1

dq0
~Ψdq0

)
~Vdq0 = −Pdq0RsP

−1
dq0

~Idq0 + Pdq0
d

dt

(
P−1

dq0
~Ψdq0

) (A.18)

The resistive voltage drop simplifies due to the matrix multiplication derivation:
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−Pdq0RsP
−1
dq0

~Idq0 = −Rs~Idq0 (A.19)

The term involving the total flux linkage requires using the product rule of derivation:

Pdq0
d

dt

(
P−1

dq0
~Ψdq0

)
= Pdq0

(
dP−1

dq0

dt
~Ψdq0 + P−1

dq0

d~Ψdq0

dt

)
(A.20)

The derivative of electrical rotor angle θr equals angular frequency:

dθr
dt

= Ωr =⇒ θr = Ωrt (A.21)

By using this equality, it can be shown that the first term in equation A.20 that gives the
cross coupling can be written as:

Pdq0

dP−1
dq0

dt
~Ψdq0 = Ωr

0 −1 0
1 0 0
0 0 0

 ~Ψdq0 (A.22)

The second term in equation (A.20) simplifies due to the matrix multiplication.

Pdq0P
−1
dq0

d~Ψdq0

dt
=
d~Ψdq0

dt
(A.23)

By using the forgoing derivation and the flux linkage expression from chapter A.2.1, the
resulting dq0-reference frame generator terminal voltages in SI-units are:

Vd = −RsId +
dΨd

dt
− Ωr

dΨq

dt
= −RsId − Ld

dId
dt

+ ΩrLqIq

Vq = −RsIq +
dΨq

dt
+ Ωr

dΨd

dt
= −RsId − Lq

dIq
dt
− ΩrLdId + ΩrΨm

V0 = −RsI0 +
dΨ0

dt
= −RsI0 − L0

dI0
dt

(A.24)

Expression for power

In this section, analytical expressions in SI-units for active and reactive power in any
system is developed. Based on the amplitude invariant Park-transform seen in Figure A.3
and described analytically in Equation (A.9), the apparent power of a balanced 3-phase
system is [6, p. 277]:

S = P + jQ

S =
3

2
(Vd + jVq)(Id + jIq)

∗

P =
3

2
(VdId + VqIq)

Q =
3

2
(VqId − VdIq)

(A.25)
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The constant of 1.5 are relates to the three-phases, hence the numerator (3), and the use
amplitude invariant Park-transform. The dq-components of current and voltage equals the
peak value of the abc-components and must be corrected to RMS values in the expression
for power. The product of that correction to voltage and current gives the denominator (2).

Note that if the zero sequence component was non-zero, the contribution would be ob-
served in active power [6, p.271]

P =
3

2
(VdId + VqIq) + 3V0I0 (A.26)

Expression for torque

Active power in a PMSG Pe can be separated to electric losses Pcu, magnetic losses PdW
and developed electromechanical power Pem [24, p. 26][6, p. 272].

Pe =
3

2
(VqIq + VdId) = Pem − Pcu − PdW

Pem =
3

2
Ωr (ΨdIq −ΨqId)

Pcu =
3

2
Rs(I

2
q + I2

d)

PdW =
3

2

(
Iq
dΨq

dt
+ Id

dΨd

dt

)
(A.27)

The electrical angular frequency of a machine can be linked to the mechanical angular
speed Ωr,m by the number of pole pairs in the machine Pp.

Ωr = PpΩr,m (A.28)

Inserting this relationship into equation (A.27) and explicit form of dq-axis flux linkages
gives developed electromechanical power:

Pem =
3

2
PpΩr,m (ΨmIq + (Ld − Lq)IdIq) (A.29)

Dividing by mechanical angular speed, the developed torque can be found:

Te =
Pem
Ωr,m

=
3

2
PpΨmIq +

3

2
Pp(Ld − Lq)IdIq (A.30)

The contribution from difference in dq-axis flux gives the developed reluctance torque [24,
p. 27]. As this is a round rotor machine and there is no saliency Ld = Lq , the reluctance
torque is zero and the expression for developed torque simplifies to:

Te =
3

2
PpΨmIq = kT Iq (A.31)

The torque constant of the machine is given by kT [24].
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Mechanical system

The generator shaft is directly connected to wind turbine rotor shaft as seen in chapter
2.3.1. Mechanical system dynamics are described by the same equations as in that chapter
with N = 1.

A.2.2 PMSG voltage equations in per unit

The proof for transformation of the PMSG dq voltage equations to per units values are
seen in the following derivation. For d-axis voltage:

Vd
Vb

=
−RsId
Vb

−
Ls
dId
dt
Vb

+
ΩrLsIq
Vb

Vd
Vb

=
−RsId
IbZb

−
Ls
dId
dt

IbΩbLb
+

ΩrLsIq
IbΩbLb

vd = −rsid −
ls
Ωb

did
dt

+ ωrlsiq

(A.32)

For q-axis voltage:

Vq
Vb

=
−RsIq
Vb

−
Ls
dIq
dt
Vb

− ΩrLsId
Vb

+
ΩrΨm

Vb

Vq
Vb

=
−RsIq
IbZb

−
Ls
dIq
dt

IbΩbLb
− ΩrLsId
IbΩbLb

+
ΩrΨm

ΩbΨb

vq = −rsiq −
ls
Ωb

diq
dt
− ωrlsid + ωrψm

(A.33)

A.2.3 Segmented PMSG Simulink model

MathWorks MATLAB-based graphical modeling software Simulink is used throughout
this thesis to perform required system modeling, simulation and analysis. As the software
does not provide a built-in model of a segmented PMSG, development of a custom made
model was required.

The developed model can be broken down into an electrical and a mechanical model.
These are described in chapter A.2.3 and A.2.3 respectively. The description is for a single
segment. Modularity is a requirement as different analysis requires different number of
segments. This is acheived, as the electrical models are identical for all segments and
share the same mechanical inputs. Their electrical torque are summed and used as input to
the mechanical model. In chapter A.2.3 the model is validated by comparing the model to
Simulink’s library model of a PMSM in generator operation.
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Electrical model

The electrical model block in Simulink is presented in Figure A.4. The input to this block
are phase voltages Vabc, rotor electrical angle θ and rotor speed Ωr. Phase voltage is an
external measurement and individual for each segment. The other inputs are common for
all segments and are outputs from the mechanical model.

Figure A.4: Electrical model block.

Inside the block, the input voltages are transformed to dq0-reference frame and used as
input to the current dynamics block.

Figure A.5: Content of electrical model.

The dynamics block in Figure A.6 is a graphical model of equation (2.8) and equation
(2.9. The output is current in dq0-components, where the zero-component is forced to
zero. Note that the use of variable Ls represent the common dq-axis inductance as they
are equal.

Current q-axis component is used to calculate the electromechanical torque as given in
equation (2.10). Finally, the dq0-components are transformed back to abc-reference frame
and used as signal input to current sources that interfaces the signal system and physical
component system. These current sources are the AC-side input to the power converter.
The ports ABC in Figure A.7 represent the connection. The parallel resistance across the
current sources are required for avoiding errors with Simulink compiler. Numerical values
to the resistances are investigated in chapter A.2.3.

Mechanical model

The mechanical model is presented Figure A.8. The three inputs are electrical torque,
mechanical torque and initialization of the rotor mechanical speed Ωr,m. The electrical
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(a) Dynamics block.
(b) d-axis block. (c) q-axis block.

Figure A.6: Dynamics block and content.

Figure A.7: PMSG segment physical model that is connected to the power converter.

torque input are presented as a single input, but could be the sum of all segments developed
torque

∑N
i=1 Te,i. The mechanical torque is the developed torque by the wind turbine.

Output variables are rotor electrical speed Ωr and angle θ. Figure A.9 show the content of
the mechanical model block.

Figure A.8: Mechanical model block.

Figure A.9 show a graphical model representation of equation (2.11). The output variable
from the centrally placed integrator block is mechanical shaft speed. The integrator block
is initialized to a value such that the speed is within operational region 2 of the wind
turbine. Mechanical speed is multiplied by number of pole pairs Pp to obtain electrical
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speed. The second integrator gives the rotor electrical angle.

Figure A.9: Mechanical model block.

Model validation

A comparison to Simulink’s PMSM library component [26] operating as a generator was
conducted in order to validate the presented model for a single segment. Due to the mod-
els modularity, it is assumed that if the model is valid for a single segment, it is valid
for multiple segments as they are identical. Comparison was performed by analyzing the
state variables id, iq and ωr. Both machines was identically parameterized and wind speed
model, wind turbine model, control system, power converter (2L-VSC) and DC-grid was
equally modelled as well. The parallel resistance seen in Figure A.7 is set to 1 TΩ. Justi-
fication to that value is given in Table A.4.

Reference current

A positive and negative step in both d and q-axis reference current was included. It allows
for observing response in a state when the state itself is changed and its response to cross-
coupling effects. The reference currents are shown in Figure A.10. First, a positive step
in d-axis reference current occurs. A second later an equal negative step is applied. After
three seconds a negative step in q-axis current leads to an acceleration of the machine and
changes in rotor speed. The acceleration is stopped a second later as the q-axis current has
a positive step of magnitude 1.0 pu. The step-size in q-axis current are greater than the
d-axis current. It is justified by that id is normally zero in this model.
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Figure A.10: Current references.
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q-axis current

Response in q-axis current are presented in Figure A.12. The result show limited deviation
between the machines. Numerical values to deviation are given in Table A.4. When zoom-
ing in on the response for step in id, some deviation and partially counter-phase behaviour
can be observed. However, when the step is applied, the behaviour is identical. Response
to step-change in iq is very close to being identical.
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Figure A.11: q-axis current for custom made PMSG compared to Simulink’s original model of a
PMSM.
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d-axis current

Figure A.12 show the response in d-axis current. Also this state variable show marginal
difference, but identical response during steps in all variables.
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Figure A.12: d-axis current for custom made PMSG compared to Simulink’s original model of a
PMSM.
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Shaft speed

Shaft speed ωr are presented in Figure A.13. The deviation between the machines are
presented in Figure A.13b and the difference in non-existent.
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Figure A.13: Shaft speed ωr for custom made PMSG compared to Simulink’s original model of a
PMSM.

Measured deviation and effect of parallel resistance

Table A.4 shows the numeric difference in dq-axis current from Simulink’s PMSM to the
proposed model of a segmented PMSG. The result show maximum, minimum and average
deviation between the PMSM and segmented PMSG as calculated in equation (A.34). The
calculation are treated element-vise for all data-points in the simulation, which generates
a set. The maximum and minimum of that set are presented as ∆id/q,max and ∆id/q,min.
The average deviation is calculated as the average of the absolute value difference between
each element of the set.

∆i = iPMSM − iPMSG (A.34)

The result also highlights how the parallel resistance influences the result. It is shown
that that 1 terra ohm resistance provides the smallest average deviation and are therefore
chosen. Numeric values in Table A.4 are derived from per unit values where 0.01 pu = 1
%.

Table A.4: Difference in dq-axis current from Simulink’s PMSM to segmented PMSG.

R ∆iq,max ∆iq,min mean(abs(∆iq)) ∆id,max ∆id,min mean(abs(∆id))
1 MΩ 0.86 % -1.00 % 0.14 % 0.90 % -0.81 % 0.15 %
1 GΩ 1.01 % -0.96 % 0.14 % 0.96 % -0.87 % 0.14 %
1 TΩ 0.97 % -0.93 % 0.13 % 0.77 % -0.86 % 0.13 %
1 PΩ 0.86 % -0.82 % 0.15 % 0.85 % -0.81 % 0.15 %

The results show marginal deviation, but the difference between the machines are limited
to below 1 % for all studied operation. Therefor, the model is considered to be validated.
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A.2.4 Tuning of controllers
Current controller

Figure A.14 show the current controller, PWM gain and delay in addition to PMSG re-
sponse. Low pass filters are included in the simulation model, but are not accounted for
when tuning.

The PI controllers sets the required voltage at the converters terminals for a given current
reference. Voltage set-point v∗d and v∗q is a sum of the PI-controller and the cross-coupling
terms ψd · ωr and ψq · ωr. The reference dq-axis voltage are then divided by the per unit
DC-bus voltage vdc in order to cancel the associated PWM gain of Vdc

2 and linearize the
system [60]. The division forms the d and q-axis modulation indices md and mq . The
delay-effect in the PWM Te is assumed to be half the switching frequency period Tsw

2 .
Plant response relates to the dq-axis resistance rs and inductance ls of the round rotor
PMSG. The response is a first order RL-response.
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Figure A.14: Current controller, PWM and plant response.

The tuning is conducted by using using pole-zero cancellation and modulus optimum [61].
Both dq-axis are identical as the PMSG are equal in these axis. PI time constant Ti is
given by equation (A.35), proportional constant Kp is given by equation (A.36) and the
integrator constant Ki is given by equation (A.37).

Ti = Td = Tq =
ls

rs · Ωb
(A.35)

kp =
ls

2 · Te · Ωb
(A.36)

ki =
kp
Ti

=
rs

2 · Te
(A.37)
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Table A.5: Current controller PI-controller constants.

Constant Value
Kp 1.75
Ki 20
Ti 0.0876

Speed controller

For tuning, the system can be seen as in Figure A.15. The output of the speed controller
enters the current controller. In this analysis, a time scale separation is assumed due to the
bandwidth of this outer loop controller and the inner loop current controller. The response
of the current controller is approximated to be a first order response with time constant
Teq,cc. The q-axis current are then multiplied by ψm in order to obtain the electrical
torque. Plant response are then given by equation 2.21.

−1 kp
(1+Ti·s)
Ti·s

1
ψm

1
1+Teq,cc·s ψm

1
Tm·s

ω∗
r +

ωr
−

∆ωr τ∗e iq,s iq τe +
τm
− ∆τ ωr

Figure A.15: Speed controller system for tuning.

The PI-controller constants are given in the equations below, where the constant β is ini-
tially set to 4 [61, p. 252]. The constant might be increased if the cross-over frequency of
the outer loop ωc,sc is higher than the one tenth of current controller cross over frequency
ωc,cc. Symmetrical optimum is used in order to obtain the constants. Table A.6 presents
the PI-controller constants.

Kp =
Tm√

β · Teq,cc
(A.38)

Ti = β · Teq,cc (A.39)

ωc,sc =
1√

β · Teq,cc
(A.40)

Table A.6: Speed controller PI-controller constants.

Constant Value
Kp 187
Ki 2909
Ti 0.0642
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DC-bus voltage controller

Tuning of the voltage controller is identical to tuning of the speed controller. The plant
equation is given by equation 2.23. The following equations give PI-controller constants
and their numerical value are given in Table A.7.

Kp =
c

Ωb ·
√
β · Teq,cc

(A.41)

Ti = Ωb · β · Teq,cc (A.42)

Ki =
Kp

Ti
(A.43)

Table A.7: DC-bus voltage controller PI-controller constants.

Constant Value
Kp 2.86
Ki 44.5
Ti 0.0642

Capacitor voltage balancing controller

The proportional constant is equal to DC-bus voltage controller proportional constant
based on empirical tuning.
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A.3 Chapter 4

A.3.1 Analytical calculation models

Table A.8 is a table of symbols with associated description for the symbols used in the
analytical calculation models for losses in a 2L-VSC and 3L-NPC converter.

Table A.8: Table of symbols.

Symbol Meaning
cosφ Power factor. When operating the converter as rectifier, cosφ ≤ 0
Err Reference reverse recovery loss measurement taken from datasheet
Esw Reference IGBT switching loss measurement taken from datasheet.
fsw Converter switching frequency.
Î Peak RMS value of phase current supplied to the converter
Iref , Vref , Tref Reference values for switching loss measurement taken from datasheet
Ki Current dependency of switching loss. IGBT ≈ 1; Diode ≈ 0.5...0.6
Kv Voltage dependency of switching loss. IGBT ≈ 1.2. . . 1.4; Diode ≈ 0.6
ma PWM modulation amplitude index
RCE(Tj) Temperature-dependent bulk resistance of IGBT on-state characteristic
RF (Tj) Temperature-dependent bulk resistance of diode on-state characteristic
TErr Temperature coefficients of the reverse recovery loss ≈ 0.005...0.006 1/K.
TEsw Temperature coefficients of the switching loss ≈ 0.003 1/K.
Tj Device junction temperature
VCC IGBT/diode steady state blocking voltage
VCE0(Tj) Temperature-dependent threshold voltage of IGBT on-state characteristic
VF0(Tj) Temperature-dependent threshold voltage of Diode on-state characteristic

Table A.9 show the variables that are common for all IGBT modules in the analytical
models. The modulation index is calculated by using the system steady state equation.

ma =

√
v2
d + v2

q

vdc
(A.44)

The power factor are calculated by using analysing the system in steady state and applying
the power equations given in chapter 2.3.1. The analytical models require that the power
factor is negative as the converters operates as rectifiers.

cosφ = − pi√
p2
i + q2

i

(A.45)
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Table A.9: Input data to analytical models.

Symbol Description Value Unit
ma Amplitude modulation index 0.89
Î Peak RMS AC-side current 156 A
φ Power factor angle 2.82 rad
cosφ Power factor -0.95
fsw Switching frequency 0.5-2.0 kHz
Ki (IGBT) Current dependeny of switching loss 0.9
Kv (IGBT) Voltage dependeny of switching loss 1.2
Ki (Diode) Current dependeny of switching loss 0.57
Kv (Diode) Voltage dependeny of switching loss 0.6
TEsw Temperature coefficients of the switching loss 0.003 1/K
TErr

Temperature coefficients of the reverse recovery loss 0.006 1/K

Table A.10 show the IGBT module specific input data to the analytical models.

Table A.10: IGBT module specific input data to analytical model.

Manufacturer ABB ABB ABB
Model 5SNA 0400J650100 5SNA 0650J450300 5SNA 0800N330100
VCES (kV) 6.5 4.5 3.3
Ic (A) 400 650 800
Module type Single IGBT Single IGBT Single IGBT
Iref (A) 400 650 800
Vref (kV) 3.6 2.8 1.8
Tref (◦C) 125 125 125
Esw (J) 4.92 5 2.63
Err (J) 1.38 1.61 1.18
RCE 25 ◦C (Ω) 0.0071 0.0037 0.0030
RCE 125 ◦C (Ω) 0.0097 0.0055 0.0046
VCE0 25 ◦C (V) 1.79 1.06 1.20
VCE0 125 ◦C (V) 1.95 1.01 1.17
RF 25 ◦C (Ω) 0.0043 0.0028 0.0020
RF 125 ◦C (Ω) 0.0059 0.0040 0.0029
VF0 25 ◦C (V) 1.87 1.84 1.14
VF0 125 ◦C (V) 1.47 1.50 0.76

Table A.11 and Table A.12 show the device voltage Vcc for the various presented configu-
rations in chapter 4.2. In this calculation, the redundant modules presented in mentioned
in chapter 2.4 are neglected. The Vcc voltage for the 2L-VSC and 3L-NPC converter are
given by equation (A.46) and (A.47) respectively.

Vcc =
100

N · nseries,2L
kV (A.46)
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Vcc =
100

2 ·N · nseries,3L
kV (A.47)

Table A.11: IGBT modules series-connection and device voltage for N = 8 segments.

VCES (kV) nseries,2L Vcc (kV) nseries,3L Vcc (kV)
6.5 4 3.13 2 3.13
4.5 6 2.08 3 2.08
3.3 8 1.56 4 1.56

Table A.12: IGBT modules series-connection and device voltage for N = 16 segments.

VCES (kV) nseries,2L Vcc (kV) nseries,3L Vcc (kV)
6.5 2 3.13 1 3.13
4.5 3 2.08 2 1.56
3.3 4 1.56 2 1.56

A.3.2 Total losses and system efficiency with 16 segments
Table ?? show the resulting converter system efficiency when having 16 segments (N =
16). This results was left out of chapter 5.2. Justification to the exclusion are given in the
same chapter.

Table A.13: Resulting efficiency with 16 segments.

IGBT module fsw=0.5 kHz fsw=1.0 kHz fsw=1.5 kHz fsw=2.0 kHz
6.5 kV 99.5 % 99.1 % 98.8 % 98.5 %
4.5 kV 99.3 % 99.1 % 98.8 % 98.5 %
3.3 kV 99.5 % 99.3 % 99.1 % 98.9 %
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A.4 Chapter 5

A.4.1 Simulation setup

Table A.14: Wind turbine model parameters.

Parameter Value Unit
Nominal mechanical output power 2.5 MW
Base power of the electrical generator 2.5 MW
Base wind speed 12 m/s
Maximum power at base wind speed 1 pu
Base rotational speed (p.u. of base generator speed) 1 pu
Cut-in wind speed 3 m/s
Rated wind speed 12 m/s

Table A.15: Generator segment parameters.

Symbol Parameter Value Unit
rs Stator resistance 0.02 pu
xs Synchronous reactance (xs=ls in pu) 0.33 pu
Vll Nominal line-to-line voltage 6.6 kV
Inom Nominal AC-side current (RMS) 110 A
Ωr Nominal angular frequency 188.3 rad/s
fr Nominal frequency 30 Hz
Pp Number of pole pairs 77
Ψm Magnet flux linkage 28.44 Wb
kt Torque constant (each segment) 3253 Nm/Apeak

Table A.16: Converter parameters.

Symbol Parameter Value Unit
C DC-bus capacitance 1.0 mF
fsw Switching frequency 1.0 kHz

Device on-state resistance 1.0 mΩ
Snubber resistance 1.0 MΩ
Snubber capacitance inf F
Model Type Switching device

Table A.17: HVDC grid parameters.

Symbol Parameter Value Unit
Vdc Onshore converter station stiff DC-source 25 kV
R Transmission cable resistance 1.0 Ω
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Table A.18: Mechanical time constant.

Symbol Parameter Value Unit
Tm Mechanical time constant 6 s

Table A.19: Simulation and solver parameters.

Symbol Parameter Value Unit
Simulation type Discrete

Ts Sample time 25 µs
Discrete solver Tustin/Backward Euler

Table A.20: Expected voltages for various wind speeds with psi1 = 1.05 and psi2 = 0.95.

Vw vdc,1 vdc,2

3 1.054 0.946
4 1.053 0.947
5 1.053 0.947
6 1.052 0.948
7 1.052 0.948
8 1.052 0.948
9 1.051 0.949

10 1.051 0.949
11 1.051 0.949
12 1.051 0.949

A.4.2 Simulation model

This Simulink simulation model for calculating semiconductor losses in various converters
are inspired by [62]. The model is implemented for both a 2L-VSC and 3L-NPC converter
in a ModHVDC application as presented in chapter 5.1. The simulation model implements
an IGBT module with a loss calculation model and associated thermal model. This module
is implemented for the minimum required number of devices. This is T1D1, T2D2 and
D5 in the 3L-NPC converter and T1D1 in the 2L-VSC. References corresponds to what is
given in Figure 2.5 and 2.2. Figure A.16 show the model implemented in phase-leg A of a
3L-NPC converter.
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Figure A.16: Simulation model implemented in phase-leg A of a 3L-NPC converter.

Inside the golden colored half-bridge IGBT modules seen in Figure A.16, the loss calcu-
lation unit is found. The unit receives input data from the measurement port of Simulink’s
IGBT/diode [63] model. This is illustrated in Figure A.17. As seen, the equivalent mod-
ule seen in Figure A.16 consist internally of two modules, which again internally consist
of two equivalent IGBTs, as it is a half-bridge configuration. As seen, only one module
(Module 2) IGBT and diode V/I measurements are used as input to the loss calculation
unit. The outputs are switching and conduction losses of a single IGBT and diode (e.g.
Psw(T1&T4) and Psw(D1&D4)) in addition to the total heat development within Module 2.
Adequate measures are taken to compensate for reduced number of measurements.
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Figure A.17: IGBT module-model block content.

The loss calculation unit consist internally of a signal demux block for separating IGBT
and diode measurement signals, a loss calculation for the IGBT and diode within the mod-
ule and the modules thermal models. The thermal models are separated into a junction-
case thermal model and case-heat sink model. Figure A.18 presents the loss calculation
unit.
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Figure A.18: Internal content of the loss calculation unit.

IGBT and diode loss calculation blocks uses look-up tables for calculating the switching,
conduction and total losses of the respective device. Dynamic input values to these ta-
bles are junction temperature, device current and device voltage. The lookup inter- and
extrapolation method are both linear methods. Static input values to the tables are IGBT
and diode switching and forward characteristic for 25 and 125 ◦C junction temperatures.
Figure A.19 illustrate the static input values to the tables.
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Figure A.19: Semiconductor junction temperatures for both converters.

Time-dependant total losses are then transformed to its mean value and used as input
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to the thermal models. This is a simplification, but lowers simulation time, especially
with a large heat sink, as steady state are reached much faster. By implementing this
mean-value analysis, the IGBT and diode thermal resistance can be used instead of their
thermal impedance [40]. Figure A.20 show the thermal equivalent circuit that is the basis
for the thermal model. The model is inspired by [46, Fig. 27], where diode and IGBT
junction-case thermal resistance have separated paths and no cross-talk. Numerical values
to thermal resistances are found in IGBT module [50] and heat sink data sheet [64].

+ -

Other IGBTs/Diodes/IGBT modules connected to same heat sink
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Th Ta
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Ptot(T )

Ptot(D)

Single IGBT and diode in IGBT module Thermal grease

Heat sink

R
D
th(c−h)Tc(D)

Ambient environment

Figure A.20: Thermal equivalent circuit.

The junction-case and case-heat sink thermal model block content is presented in Figure
A.21. As the connections indicates, there is an iterative calculation process concerning
device temperatures and losses.
The heat sink block is shown in Figure A.22. All modules in one phase-leg share a com-
mon heat sink, where the heat sink is modelled as a pure resistor. Ambient temperature is
set to 40 ◦C as shown in Figure A.16.

Figure A.22: Heat sink block.

Finally, and recapturing back to Figure A.16, the measurement ports are observed by
scopes as seen in Figure A.23.
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(a) Junction-case thermal model block.

(b) Content of block seen in Figure A.21a

(c) Case-heat sink thermal model.

Figure A.21: Semiconductor junction temperatures for both converters.

Figure A.23: Heat sink block.
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A.4.3 Comparison of analytical and simulation model results

The following sub-chapters are dedicated to comparing losses when using the analytical
model presented in chapter chapter 4.2.7 and the simulation model in chapter A.4.2. The
comparison are limited to nominal operation, i.e. wind speed at 12 m/s and the switching
frequency is 1.0 kHz. Junction temperatures are found in chapter 5.2.4. An eight-segment
configuration are assumed. When calculating total losses and efficiency, the all these eight
segments are accounted for, as in the analytical model.

Reference components

Comparison is conducted with ABB HiPak IGBT Module 5SNG 0250P330300. The de-
vice model is used for all IGBTs and diode in both converters. Required input data to the
analytical model are found in Table A.21.

Table A.21: IGBT module 5SNG 0250P330300 input data to analytical model.

Manufacturer ABB
Model 5SNG 0250P330300
VCES (kV) 3.3
Ic (A) 250
Module type Half-bridge
Iref (A) 250
Vref (kV) 1.8
Tref (◦C) 125
Esw (J) 0.875
Err (J) 0.28
RCE 25 ◦C (Ω) 0.0061
RCE 125 ◦C (Ω) 0.0082
VCE0 25 ◦C (V) 0.9900
VCE0 125 ◦C (V) 1.13
RF 25 ◦C (Ω) 0.0033
RF 125 ◦C (Ω) 0.0050
VF0 25 ◦C (V) 1.27
VF0 125 ◦C (V) 1.06

2L-VSC

The results show that the analytical model presents lower switching losses than the sim-
ulation model. The conduction losses are as good as equal. The resulting deviation in
switching losses leads to a difference in 7.3 kW in total losses, which again leads to a
difference in efficiency. The accumulated error seen in total losses are limited to roughly
7 % and is acceptable.
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Table A.22: Comparison of switching and conduction losses with the analytical and simulation
model when using a 2L-VSC.

Model Psw(T) Pcon(T) Psw(D) Pcon(D)

Analytical 133 15 49 69
Simulation 147 15 55 68
Deviation 14 0 7 -1

Table A.23: Comparison of total losses and efficiency with the analytical and simulation model
when using a 2L-VSC.

Model Ptot (kW) η
Analytical 102.1 99.0 %
Simulation 109.4 98.9 %
Deviation 7.3 -0.1 %

3L-NPC

The results for the 3L-NPC converter coincides with the 2L-VSC as the switching losses
show highest deviation. The largest error is IGBT T2 and T3 switching losses. However,
as seen in chapter 4, conduction losses takes up a greater share of total losses in a 3L-NPC
converter compared to a 2L-VSC. Therefor the deviation in total losses are reduced with
this converter as conduction losses have close to no error.

Table A.24: Comparison of switching losses with the analytical and simulation model when using
a 3L-NPC converter.

Model Psw(T1&T4) Psw(T2&T3) Psw(D1&D4) Psw(T2&T3) Psw(D5&D6)

Analytical 3 126 43 1 1
Simulation 5 138 51 0 2
Deviation 2 12 8 -1 1

Table A.25: Comparison of conduction losses with the analytical and simulation model when using
a 3L-NPC converter.

Model Pcon(T1&T4) Pcon(T2&T3) Pcon(D1&D4) Pcon(T2&T3) Pcon(D5&D6)

Analytical 0 31 56 56 27
Simulation 0 30 56 56 27
Deviation 0 -1 -1 0 0
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Table A.26: Comparison of total losses and efficiency with the analytical and simulation model
when using a 3L-NPC converter.

Model Ptot (kW) η
Analytical 65.9 99.3 %
Simulation 69.8 99.3 %
Deviation 3.8 0.0 %

A.4.4 Results
Table A.27 show the input data for calculating the average efficiency of the 2L-VSC and
3L-NPC.

Table A.27: Data input for calculation of average efficiency.

Vw 2L-VSC 3L-NPC f(Vw) Pin
3 94.4 % 97.3 % 4.4 % 0.016
4 96.0 % 97.9 % 5.5 % 0.037
5 96.9 % 98.3 % 6.4 % 0.072
6 97.5 % 98.6 % 7.1 % 0.125
7 97.9 % 98.8 % 7.5 % 0.198
8 98.2 % 98.9 % 7.6 % 0.296
9 98.5 % 99.1 % 7.5 % 0.422
10 98.7 % 99.2 % 7.2 % 0.579
11 98.8 % 99.2 % 6.7 % 0.770
12 98.9 % 99.3 % 6.1 % 1.000
13 98.9 % 99.3 % 5.4 % 1.000
14 98.9 % 99.3 % 4.7 % 1.000
15 98.9 % 99.3 % 4.0 % 1.000
16 98.9 % 99.3 % 3.4 % 1.000
17 98.9 % 99.3 % 2.8 % 1.000
18 98.9 % 99.3 % 2.2 % 1.000
19 98.9 % 99.3 % 1.8 % 1.000
20 98.9 % 99.3 % 1.4 % 1.000
21 98.9 % 99.3 % 1.0 % 1.000
22 98.9 % 99.3 % 0.8 % 1.000
23 98.9 % 99.3 % 0.6 % 1.000
24 98.9 % 99.3 % 0.4 % 1.000
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