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Abstract

Wind energy has been one of the most important renewable energies as an alternative
to fossil energy. The power rating of a single wind turbine has been increasing during
the past forty years. A megawatt level wind turbine has been a tendency, especially
for offshore wind energy application. The current common solution is to make the
two-level low voltage converter in parallel in order to achieve sufficient power rating.
However, research has found that by employing medium voltage multilevel converters
will reduce the cost of energy. Additionally, the grid converter is the only way to connect
the renewable power generation to the power grid. Grid converter control strategies
considering normal and abnormal operation have been one of most concerned points for
renewable energy integration. Based on these issues, the Ph.D. project will focus on the
grid converter control algorithms investigation.

In order to design the control and evaluate the performance of the proposed control
algorithms, system modelling is necessary and an essential task at first. Including the
DC-link capacitor, grid converter, LCL filter and PCC voltage, the modelling of these
parts is built in chapter 3. Besides, one scaled experiment low voltage system setup is
designed and introduced as well, which will be used for experimental verification. For
the control of the grid converter with LCL filter, the current control strategy becomes
more complex if compared to a grid converter with simple inductive filters. Although
an LCL filter can greatly increase the attenuation for the high frequency range, it also
brings new problems, such as resonance issues and which current should be adopted as
the feedback current, grid current or converter side current. This is discussed in chapter
4 in detail. For overcoming the resonance problem, passive and active damping are
discussed in this chapter as well. For evaluating the control performance or requiring the
wind turbine behavior on different scenarios, the latest grid standards are also reviewed.
Some suggestions on the grid code modifications are given as well for better regulating
the next generation wind turbine to behave as a traditional synchronous generator.
Thermal performance is an important aspect related to the system reliability, efficiency
and lifetime. The loss calculation and temperature estimation method are introduced
in the third section of chapter 4. Based on the previous study in part II, system design
and evaluation of wind energy conversion system, grid converter control strategies are
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investigated in part III, which includes three chapters, the state of the art grid converter
control, model predictive control and backstepping control.

Voltage orientated control as the industrial solution for grid converter control has
been developed and adopted for the past forty years, which is difficult to be improved
without limitation. It is necessary to find another control to meet the technical chal-
lenges, e.g., switching frequency limitation. One requirement of the MV power control
is to reduce the switching frequency to decrease the switching losses. Then the semi-
conductor reliability might be increased and the system efficiency is improved. Through
the comparison, it has been proved that the proposed multiple steps model predictive
control can achieve the lowest switching frequency without compromising the current
quality. In order to reduce the sensors, one Luenberger observer is designed for estimat-
ing the grid current and capacitor voltage, which is needed for the active damping. It
should be pointed out that for reducing the processor calculation burden, the observer
is implemented with Xilinx System Generator in FPGA for experiments. In order to
duel with the parameter mismatch, distorted grid voltage, and unbalanced grid faults, a
non-linear control is proposed in chapter 7, which is a recursive Lyapunov-based method
with high robustness. Finally, a conclusion is given at end of this Ph.D. thesis, and some
interesting further research points are listed as well.



Zusammenfassung

Die Windenergie ist eine der wichtigsten erneuerbaren Energien als Alternative zur fos-
silen Energie. Die installierte Leistung einer einzelnen Windturbine ist seit den letzten
40 Jahren stetig gestiegen. Ein Megawatt Windturbinen sind insbesondere fiir Offshore
Windparke heutzutage iiblich. Eine Parallelschaltung von zwei 2LV-Niederspannungs-
umrichtern wird verwendet, um die benétigte Leistung zu decken. In der Forschung
wurde aber herausgefunden, dass ein einziger Mittelspannung-Multilevelumrichter die
Energiekosten senken kann. Zusétzlich bietet der Netzumrichter die einzige Moglichkeit,
Erzeuger von erneuerbaren Energien mit dem Energieversorgungsnetz zu verbinden.
Die Steuerung und Regelung von Netzumrichtern sowohl im Normalbetrieb als auch
beim Fehlerfall werden zum Schwerpunkt bei der Integration von erneuerbaren En-
ergiequellen. Diese Arbeit konzentriert sich auf die Untersuchung der Regelung von
Netzumrichtern.

Damit die Regelung entworfen und das Verhalten der vorgeschlagenen Regelungsstrate-
gien bewertet werden kann, ist eine Modellbildung des Systems notwendig und wichtig
fiir den ersten Schritt. Die Komponenten des Systemmodells, u.a. der Zwischenkreiskon-
densator, der Netzumrichter, der LCL-Filter und die Netzanschlusspannungen werden
im Kapitel 3 erlautert. Der Entwurf eines skalierten Niederspannungstestaufbaus zur
experimentellen Verifizierung wird dazu noch vorgestellt. Die Verwendung eines LCL-
Filters erschwert die Stromregelung des Netzumrichters im Vergleich zur Regelung mit
einem einfachen L-Filter. Obwohl ein LCL-Filter die Ddmpfung im HF-Bereich erhe-
blich steigert, fiihrt dieser auch neue Probleme ein, u.a. das Resonanzproblem und
die Entscheidung, ob der Netzstrom oder der Umrichterstrom in der Stromregelschleife
zuriickgefithrt werden soll. Diese Problematik wird in Kapitel 4 im Detail diskutiert.
Die passive und aktive Dampfung zum Loésen des Resonanzproblems werden ebenfalls
in diesem Kapitel erklart. Um die Regelverhalten des Systems bei verschiedenen Féllen
zu bewerten, werden die aktuellsten Netzanschlussnormen auch iiberpriift. Mogliche
Anpassungen der Normen werden vorgeschlagen, damit die neue Generation der Wind-
turbine, die sich wie traditionelle Synchrongeneratoren verhalten sollen, besser reguliert
werden kann. Das thermische Verhalten ist ein wichtiger Aspekt im Bezug auf die Sys-
temzuverldssigkeit, Effizienz und Lebensdauer. Auf die Kalkulation der Verluste und

vii
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die Methode zur Schétzung der Temperatur wird im Abschnitt 3 des Kapitels 4 einge-
gangen. Aufbauend auf die Studie im Teil II ,system design and evaluation of wind
energy conversion system“ untersucht der Teil III dieser Arbeit die Regelstrategien von
Netzumrichtern. Dieser besteht aus drei Kapiteln zum aktuellen Stand der Netzum-
richterregelung, Modellpradiktiver Regelung und Backstepping Regelung.
Spannungsorientierte Regelung (VOC) als eine Industrielésung fiir die Netzumrichter-
regelung ist in den letzten 40 Jahren bereits entwickelt und angepasst worden, sodass
Verbesserungen schwer ohne Einschrankungen durchzufiihren sind. Es ist notwendig,
andere Regelmethoden zu finden, die die technischen Anforderungen, z.B. die Ein-
schrankung der Schaltfrequenz, erfiillen. Eine Voraussetzung fiir die Leistungsregelung
in der Mittelspannungsebene ist die Schaltfrequenz zu reduzieren, um die Schaltverluste
zu senken. Dadurch kann die Zuverlassigkeit der Halbleiter gesteigert und die Effizienz
des Gesamtsystems verbessert werden. Durch einen Vergleich kann bestétigt werden,
dass die vorgeschlagene Mehrschritt-modellpradiktive Regelung die niedrigste Schaltfre-
quenz erzielen kann, ohne die Stromverzerrung zu verschlechtern. Ein Beobachter von
Luenberger zur Schiatzung der Netzstrome und der Kondensatorspannung wird verwen-
det, um die Anzahl der Sensoren zu reduzieren. Die geschitzten Groflen werden fiir
die aktive Ddmpfung benétigt. Es ist wichtig zu erwdhnen, dass zum Verringern der
notwendigen Rechenleistung der Beobachter experimentell in FPGA mit einem Xilinx
System Generator implementiert ist. Fir die Bekdmpfung von Parameterverschiebun-
gen, verzerrten Netzspannungen und unsymmetrischen Netzfehlern wird im Kapitel 7
eine nichtlineare Regelung vorgestellt, die eine rekursive Methode mit hoher Robustheit
nach Lyapunov darstellt. Am Ende dieser Arbeit wird eine Schlussfolgerung gegeben
und einige interessante weiterfithrende Forschungsschwerpunkte werden aufgelistet.
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Part 1

Preamble

This part is the preamble of the Ph.D. thesis, which includes two chapters. Chapter
1 is the introduction. It mainly introduces the background and current status of the
wind energy technology. The trends and technical challenges are also addressed. The
motivation and objective of the Ph.D. thesis are discussed at the end of the chapter. In
Chapter 2, fundamentals of Medium Voltage Multi-level Converters are described. It
mainly discusses the topologies of MV multi-level converters and its market overview.
Additionally, as the bases, the MV semiconductors are classified. The state of the art
market overview is given at the end.

1 Introduction

This chapter first presents the background and current status of wind energy. It includes
a short state-of-the-art of wind energy technology and an overview of wind turbine
configurations, followed by the future development trends and the current technical
challenges. Then, the motivation and objective of this thesis are discussed. For better
understanding, the thesis structure is presented to show the whole research route at the
end of this chapter.

1.1 Background and Current Status

Energy production and consumption have kept increasing as economies grow. The large-
scale development and utilization of fossil energy have resulted in serious problems such
as resource shortage, environmental pollution, and climate change. According to the BP
Statistical Review of World Energy 2016 [1], the reserve of coal can be used for 114 years
while the oil and natural gas can only be available 50.7 years and 52.8 years, respectively,
if the current consumption rate is kept. Burning fossil fuels releases emissions such as
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Figure 1.1: Wind Power Cumulative Capacity Share by the End of 2017

carbon dioxide, nitrogen oxides, which affect the global environment. How to fight the
climate change, fossil fuel crisis and environmental pollution are becoming a big chal-
lenge for human beings. Renewable Energy is an alternative solution for this situation,
such as photovoltaic (PV), wind energy, geothermal, biomass etc. Renewables mainly
provide the energy in three important energy consumption areas, which are electricity
generation, heating/cooling, and transportation. Many countries have made a specific
plan for energy transition. In Germany, the government has formulated guidelines for an
environmentally sound, reliable and affordable energy supply until 2050. The German
government will seek to make renewables sharing 60% of gross final energy consumption
by 2050. Especially the electricity generated by renewables will be increased to 80% by
2050 [2]. In November 18", 2015, UK decided to close all the coal-fired power stations
by 2025 and restrict its use from 2023 [3]. According to REN 21, renewables have al-
ready provided an estimated 19.2% of global final energy consumption in 2014. By the
end of 2015, 23.7% of global electricity comes from renewables [4]. Among the renewable
energy resources, PV and wind are the most dominant ones and have been developed
significantly in recent years. Solar PV installation has been increased to 227 GW by
the end of 2015. The wind energy installation was increased dramatically in 2015. A
record 63 GW was added in this year and leads to the total about 433 GW. The world
share cumulative capacity by the end of 2017 is shown in figure 1.1. China installed
a staggering 30.8 GW new capacity in 2015, which is almost half of the new installed
capacity of 2015. According to the global weighted average levelized cost of electricity
(LCOE) of projects commissioned in 2016, it was around USD 0.07/KWh for onshore
wind, which is one of the most competitive sources of electricity available [4]. With the
development of technology, e.g., larger power rating, maturer installation technology,
the cost of onshore wind declines into the same range with new fossil fuel, which is
around USD 0.045/KWh. Wind energy has a bright development prospect in the next
decades.
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1.1.1 State of the Art Wind Energy Technology

In the last thirty years, wind energy technology has been significantly developed and
improved. Since the output wind power is proportional to the wind turbine swept area
and in order to decrease the per unit cost, the commercial wind turbine size has been
increased exponentially. The power rating has increased from several hundred kilowatt
to megawatt. Now several 8 MW wind turbines are either in production or prototype
state, e.g., V164-8.0 MW® from MHI Vestas Offshore Wind [5], AD 8-180 from Adwen,
a joint venture between Gamesa and Areva [6] and SWT-8.0-154 from Siemens [7]. For
example, the blade of V164-8.0 MW® is 80 m long and the swept area is 21.124m?. It
can supply approximately 7500 European households [5].

Wind energy technology is a multidisciplinary studies, including meteorology, aero-
dynamics, materials, economical, mechanical and electrical engineering. It contains
wind prediction, mechanical system, electrical system, information, communication and
control technologies. From the perspective of electrical engineering, the electric genera-
tor and the power converter are the two main components in the wind energy conversion
system (WECS) [8]. Power electronics technologies used in wind power generation have
been changed dramatically, which take part in the wind energy system more deeply,
from a soft start in the 80s to back-to-back (B2B) power conversion system since the
2000s [9]. The details of power converters in wind energy systems will be discussed in
the next subsection. More power electronics taking part in the wind energy system,
more flexible functions can be implemented.

With the development of onshore wind, the land resources are occupied to some
extent. Due to the limited land resources and more wind on the sea, offshore wind is
an alternative solution for the near future. However, the offshore wind generation is
still in the early stage due its high cost and more technical challenges, e.g., installation
in the deep sea (>30m), or electricity transmission far from the coast (>80km). By
the end of 2017, 18.8 GW offshore wind was installed in the world, which is mostly
located in Europe. Compared to onshore wind, offshore wind generation has a much
higher potential in the next decades. In order to transfer the offshore wind energy to
the coast, it is proved that high voltage direct current (HVDC) transmission is prior to
high voltage alternative current (HVAC) transmission. Since the current wind farms are
parallel AC connections, an offshore wind platform has to be built for power collection
and conversion. As an alternative, a DC offshore wind farm might be a choice in the
future [10,11].

1.1.2 Overview of Wind Turbine Configurations

During the last three decades, the wind turbine configurations have changed dramati-
cally. According to the state of the art technologies, there are mainly two different types
of wind turbine configurations, which are Doubly Fed Induction Generator (DFIG) with
partial scale power converter Wind Energy Conversion Systems (WECSs) [12,13], Per-
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Figure 1.2: The Development Process of Wind Turbine Time Line

manent Magnet Synchronous Generator (PMSG) based full-scale B2B power converter
WECSs [14-16]. It should be noted that DFIG WECSs has taken up to 50% of the
market share. However, PMSG WECSs have an increasing share due to their fully
adjustable speed range and better grid support compared to the former ones [12,17].

Additionally, Squirrel Cage Induction Generator (SCIG) based full-scale B2B WECSs
were also investigated in some publications and adopted for commercial products [18-20].
This SCIG configuration is different from the ones used in the 1980s, which were known
as the first generation wind turbines. The disadvantages of this type have two aspects.
One is the capacitor bank for reactive power compensation and the other one is the fixed
speed which produces mechanical stress [9,21]. Meanwhile, the SCIG based full-scale
B2B WECSs are not very popular in the market either for two reasons. Compared to
DFIG WECSs, SCIG needs full power converter which makes the system expensive.
And SCIG WECSs are not able to be implemented with direct drive as PMSGs from
the technical feasibility [17,22]. The timeline of the development process is shown in
figure 1.2 [8]. It should be noted that with the size and power rating increasing, espe-
cially for offshore wind, the PMSG with full B2B power converter WECSs are becoming
attractive.

The Doubly-Fed Induction Generator based partial scale power converter WECS
configuration is shown in figure 1.3, which has been used since the 2000s. Besides the
rotor connected to the grid through the partial scale power converter (30% of the rated
power), the stator is also connected to the grid directly, which makes this configuration
more sensitive to the grid variation than full-scale power converter [23]. The advantage
of this type compared to the fixed speed SCIG WECS is that it has +30% adjustable
speed range which improves the system efficiency. However, since the partial power
converter is used, the system has limited Low Voltage Ride Through (LVRT) capability.
Additionally, the rotor windings are connected to the power converter through slip rings
and brushes. And it’s known that the average lifetime of brushes is 6-12 months only,
which leads the regular maintenance and limit this configuration in offshore application
[8].

Compared to DFIG based WECSSs, the SG based full B2B power converter WECSs
have larger adjustable speed range and better LVRT compliance. The configuration is
shown in figure 1.4. The generator type can be SCIG, EESG or PMSG. The gearbox
can be removed by employing multipole PMSG. The extra cost of the full -scale power
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Figure 1.4: EESG/PMSG/SCIG based Full Scale Power Converter WECS

converter is around 7%-12% of the total wind turbine cost [24]. Among all the wind
turbine configures, PMSG based full B2B power converter WECSs have the highest
efficiency, which makes this type more attractive [8].

Some selected commercial MW level wind turbines (>5.0 MW) main parameters are
shown in table 1.1, which are the top 10 wind turbine manufacturer in 2015 and main
MW wind turbines manufactures. It can be found that most of them are used for
the offshore application. The PMSG based full-scale power converter configuration is
dominant in the offshore market. Both gear-box drive and direct drive have a share.
For the power converter, it can be seen that parallel B2B two-level converter with low
voltage (690 V) is the mainstream commercial configuration. Only a few models adopt
MYV power converter, e.g., the model AD 5-135 from Adwen. The three-level Neutral
Point Clamped (NPC) with terminal voltage 3300V is used in this model. With the
power rating increasing, the number of power converter modules increase which makes
the size, cost, and complexity increasing. In reference [25], detailed cost analyses of
wind energy conversion system are conducted between commercial LV and MV wind
technology. The conclusion is that using MV system can reduce 2.5% of the cost of
energy.
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Table 1.1: Wind Turbine above 5.0 MW Parameter in Top 10 Wind Turbine
Manufacturers of 2015 and Mainstream MW Wind Turbine Manufacturers

Manufacture Model Name Offshore  Generator Power Converter Power Rating
MHI Vestas V164 Yes GE-PMSG B2B - 8.0 MW
GE Haliade* 150 Yes DD-PMSG B2B 900V 6.0 MW
Siemens SWT-6.0-154 Yes DD-PMSG  Parallel B2B-2L 690V 6.0 MW
Siemens SWT-7.0-154 Yes DD-PMSG  Parallel B2B-2L 690 V 7.0MW
Siemens SWT-8.0-154 Yes DD-PMSG  Parallel B2B-2L 690V 8.0 MW
Gamesa G128 Yes GE-PMSG  Parallel B2B-2L 690V 5.0 MW
Gamesa G132 Yes GE-PMSG  Parallel B2B-2L 690V 5.0MW
Enercon E-126 No  DD-EESG P?éﬂfllmii]als%_ffﬁ)v 7.58 MW
United Power UP6000-136 Yes GE-DFIG B2B 6600 V! 6.0 MW
Ming Yang SCD Yes GE-PMSG  Parallel B2B-2L 690V 6.0 MW
CSIC Haizhuang H127 Yes GE-PMSG  Parallel B2B-2L 690V 5.0MW
Adwen AD 5-132 Yes GE-PMSG  Parallel B2B-2L 690V 5.0 MW
Adwen AD 5-135 Yes GE-PMSG B2(BA_]§LB_11%(§ ?8)3(())3) v 5.0 MW
Senvion 6.2M 126 Yes GE-DFIG  Parallel B2B-2L 660 V 6.15 MW
Senvion 6.2M 152 Yes GE-DFIG  Parallel B2B-2L 660 V 6.15 MW

1.2 Trends and Challenges

Based on the past three decades of development and current status, with the develop-
ment of power electronics technology, computer science, and related technologies, there
are several distinct trends regarding the wind energy technology. First, the single wind
turbine in terms of power rating will increase continuously in the coming years. Cur-
rently, the largest wind turbine is 8.0 MW (Vestas 164), and several manufacturers have
already announced 10 MW~15 MW wind turbines. This will make the manufactures to
reconsider what the suitable configurations and technologies are for the tens of MW level
wind turbines including gearbox drive-train technologies, electric generators, power con-
verters and grid code requirements. Second, the penetration of wind energy will take an
important role in the future power system. With the development of renewable energy,
especially wind and PV, the modern power system has been changed significantly. More
and more power electronics are involved in the system, which causes the characteristics
of traditional synchronous generator decreasing, e.g., rotational inertia and damping
characteristics [26]. This might lead to the system stability decreasing. Third, after
the WECS stability is guaranteed, the performance of WECSs needs to be improved
to reduce the cost of energy, increase the lifetime, reduce the downtime and provide
superior dynamic and steady state performance [8]. In general, advanced control of grid
connected WECS is required to achieve high efficiency, high reliability and high power
quality.
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In order to meet the future development trends aforementioned, several emerging
challenges and questions which need to be considered and solved are:

o What are the challenges for the high penetration with renewable energy?
— Is it possible to implement 100% renewable energy power generation?

— How can the highly involved power converters support the future modern power
system?

— Are there any solutions to make the wind energy more competitive among the
renewable energy resources?

o What are the challenges for the large-power MW level wind turbine technologies?

— What are the suitable power converter configurations regarding losses, redun-
dancy and reliability?

— What control schemes can guarantee the WECS to meet the future stringent grid
code and provide superior dynamic and steady state performance?

All of these research questions have been discussed in many published papers. It should
be noted that with the power rating increasing, the lightweight technologies will be also
one important aspect of the future wind turbine technology.

1.3 Motivation and Objective

1.3.1 Project Motivation

In order to answer those challenging questions and try to find the possible solutions,
much related research work have to be conducted. From the perspective of electrical
engineering, especially from the power electronics aspect, the power converter topology
selection and grid filter design and its control considering losses, dynamic and steady
state performance, stability and power quality are several main problems for the wind
energy conversion system.

With the continual increasing of a single wind turbine system, a suitable power
converter topology and configuration is one of the most important issues in WECSs. In
order to improve the system efficiency, a low switching frequency should be preferred.
However, the reduced switching frequency might cause unsatisfied performance which
does not comply with the grid code. In other words, one advanced control algorithm
should be developed to meet these two requirements.

Based on these demands and motivation, the thesis structure can be derived, which
will be discussed in next section.
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MV Grid Converter Control for Megawatt Wind Energy Conversion System

Part | Preamble Background, motivations,
*._ - Chapter 1 Introduction power switches and MV
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- Chapter 7 Backstepping Control nonlinear control

Part IV Conclusion
- Chapter 8 Summary and Outlook

Figure 1.5: Thesis Structure and Main Research Points in Each Part

1.3.2 Thesis Objective and Outline

The objective of this thesis is to find an improved control scheme for grid converter
control of MW level wind turbine power conversion system. In order to verify the
proposed control scheme, one 5 MVA wind energy conversion system was designed for
simulation and one 10 kVA test setup was built for experimental verification. The thesis
outline is shown in figure 1.5.

The whole Ph.D. thesis is divided into four parts. Part I is the preamble of the
thesis, which includes two chapters. Chapter 1 presents the background, current status,
trends and challenges of wind energy technologies. Chapter 2 presents the fundamentals
of MV multi-level converters, which includes the topologies and market overview of
MV multi-level converters. As the bases, the MV semiconductors classification and
market overview are also introduced in this chapter. Part II is the system design and
evaluation of MW wind energy conversion systems, which also includes two chapters.
Chapter 3 presents the structure overview of a MW wind energy conversion system.
The grid converter and LCL filter design are illustrated in detail in this chapter. For
the performance evaluation, the stability analysis is discussed for both grid side current
feedback and converter side current feedback. What’s more, the grid code and future
trends are also introduced in this Chapter. Losses analysis as one of the important

1This model is in the prototype stage.
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evaluation aspects is also discussed in this chapter. Based on the pre-study in Part
I and Part II, the grid converter control strategies are investigated in Part III, which
includes three chapters. Chapter 5 presents the state of the art grid converter control
methods, which are well known as Voltage Orientated Control (VOC) and Direct Power
Control (DPC). In this chapter, DPC is also improved reducing unnecessary switching
transitions. Chapter 6 presents the model predictive control including Single Step Model
Predictive Direct Current Control (SS-MPDCC) and Multiple Steps Model Predictive
Direct Current Control (MS-MPDCC). In order to improve the performance concerning
uncertainties and mismatch, a non-linear control method is introduced in Chapter 7.
At end of this thesis is Part IV, which includes one chapter. Chapter 8 summarizes the
whole thesis and gives an outlook for the future work.
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Part 1. Preamble
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2 Fundamentals of MV Multi-level Converters

This chapter focuses on the MV multi-level converter topologies and the MV semi-
conductors. First, the several classical multi-level converters are discussed, e.g., the
three-level Neutral Point Clamped (NPC) converter, and the Flying Capacitor (FC)
converter. Additionally, the latest market overview is also given for the multi-level con-
verters. Semiconductors switches are the important components for the converters. A
classification of MV semiconductors is given afterwards. As in the first part, the latest
market overview about MV semiconductors is provided as well. At the end, a summary
is given.

Table 2.1: Voltage Class Classification of Low and Medium Voltages

Regions/Countries Standard Low Voltage Class Medium Voltage Class
Europe TEC60038 230,400,690 V(<1000V) 3.3,6.6,11,22,33kV(<35kV)
. 208,120,240, 2.4,4.16,6.9,12.47,
North Amercia ANST C84.1 480,575 V(<600 V) 13.8,21,34.5kV(<35kV)
China GB-T156-2007 220,380,690 V(<1000V)  3,6,10,20,35kV(<35kV)

Before introducing the MV multi-level converters, it is necessary to know the defini-
tion of voltage class. The voltage class is not the same in different regions or countries.
Table 2.1 shows the regional classification of low and medium voltage class adopted
in Europe, North America and China [8,27]. It can be seen that generally the volt-
age class below 1000V is considered as low voltage (LV). Voltage class above 1kV and
below 35kV is classified as medium voltage (MV). As discussed in subsection 1.1.2,
most large wind power systems (>5.0 MW) in the market still utilize low voltage class
(690 V). It has been proved that with the power rating increasing of a wind turbine, MV
power converter has prior properties compared to LV power converter regarding cost
and efficiency. Due to voltage limitation of semiconductors, there are two possibilities
to implement a MV power converter, one is to connect the switches in series working as
a single switch for a two-level converter, and the other one is multi-level converter. The
two-level MV converter is shown in figure 2.1. Even though MV can be achieved by
series switches, the output voltage still has two voltage levels which produces a higher
THD compared to a multi-level converter.

2.1 Topologies of MV multi-level converters

Due to the high demand for large power systems, e.g., several megawatts, MV multi-level
converters have been becoming an attractive solution in many applications in last sev-
eral decades. Especially for the electrical drive in industrial applications, e.g., pipeline
pumps, conveyors, wind tunnels, compressors and so on, MV multi-level converter has
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Figure 2.1: Two-level Medium Voltage Power Converter

been adopted frequently [28,29]. The classification of the power converter is shown in
figure 2.2. According to the dc-link energy storage components, power converters can
be classified into current source and voltage source converter. Since voltage source con-
verters (VSC) have higher market penetration and had more noticeable development
over the last decades [28], this thesis only focuses on the VSC topology. The voltage
source based power converters can be divided into two groups, one is the two-level con-
verter, and the other is the multi-level converter. For the multi-level converter, it can be
classified into four groups, i.e., Diode Clamped Converter (DCC), Flying Capacitor Con-
verter (FCC), Cascaded H-bridge Converter (CHB) and Modular Multilevel Converter
(MMC). All these four types will be discussed briefly in following subsections.

2.1.1 Diode Clamped Converter

Diode Clamped Converter (DCC) was first proposed by Nabae, Takahashi and Akagi
in the early 1980s [30]. It is a three-level diode clamped converter, which is also known
as three-level neutral point clamped (NPC) converter. The single phase three-level
NPC converter circuit is shown in figure 2.3. Compared with two-level converter, the
three-level NPC converter has two distinct advantages. First, each single switch only
needs to bear half of the dc-link voltage, which makes it possible to implement MV
applications with lower voltage switches. Second, the output of the phase to neutral
voltage has three voltage levels (Vpc/2,0,—Vpe/2), which reduces the output voltage
harmonics distortion compared with the two-level converters. On the other hand, the
three-level NPC has two problems which need to be considered. One is the neutral
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Power Converter

Current Source Voltage Source
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Multi-level Two-level
Converter Converter
Diode Clamped Flying Capacitor Cascaded H- Modular Multilevel
Converter Converter Bridge Converter Converter

Figure 2.2: Power Converter Classification

point voltage balancing and the other is the uneven loss distribution between the outer
switches (S11,S14) and the inner switches (S12,513). The former one can be solved
with proper redundant voltage vectors to balance the upper and lower capacitor voltage
through the neutral point current iy p, which has been discussed in many publications
and solved in industry [31-35]. The later one is the inherent drawback of NPC converter.
The three-level active NPC converter was proposed by T. Briickner and S. Bernet in
2001 [36] to overcome this problem. The two clamped diodes in the single phase are
replaced by two active switches, which form an additional redundant switch to balance
the uneven losses. With the additional active switches, better losses distribution and
higher semiconductor utilization can be achieved [36,37]. Compared to the two-level
converters, three level converters need more control signals and calculation effort, but
this has not been a problem with the fast development of computer technology. Three
level NPC converters have been widely used in industry, especially in MV application
(2.3-4.16kV) [38-41]. Leading manufacturers offer a variety of converters, e.g., ABB
PCS6000, which is an MV wind turbine converter using IGCT and three-level converter.
More MV products will be discussed in section 2.2.

Besides the three-level NPC converter, the Diode Clamped Converter can be ex-
tended to four-level, five-level or more. The four-level and five-level diode clamped
converter circuits are shown in figure 2.4. With the number of levels increasing, the
single switch blocking voltage decreases, e.g., for five-level DCC, the single switch only
needs to bear one quarter of the dc-link voltage. It can be noted that the clamped
diodes blocking voltage are not the same for the level more than three. For example,
from the figure 2.4b, it can be seen that if the switches S5 — Sig turn on, D¢ blocks
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Figure 2.3: Single-phase Three-level Neutral Point Clamped Converter

Vbe /4, D14 blocks Vpe /2 and Dia blocks 3Vpe /4. If same diodes are used in the con-
verter, it means that multiple quantities should be used which is shown in the dashed
box. If more voltage levels are required, the diodes quantities will increase dramatically
((Niever — 1) » (Niewer — 2)) and voltage balancing will be complex. This might be the
reason that only three-level NPC typology is widely used in the industry.

2.1.2 Flying Capacitor Converter

Flying Capacitor Converter (FCC) is also known as capacitor clamped converter. The
three-level, four-level and five-level FCC topologies are shown in figure 2.5 respectively.
Taking three-level FCC as an example, which is shown in figure 2.5a, the only difference
compared to figure 2.3 is that the two clamped diodes are replaced by one capacitor
C11. The output voltage vn,  has three voltage levels. If the switches Si;, S12 turn
on, the output voltage is Vpe /2. If the switches Sy3, S14 turn on, the output voltage
is —=Vpe/2. For the output voltage zero, either the switches Si1,S13 or the switches
S12, S14 turn on. The clamped capacitor C1 is charged to Vpo /2. Figure 2.5¢ shows the
five-level flying capacitor converter. Similar to the three-level converter, the clamped
capacitor Cy1, Cy2, Cy3 are charged to 3Vpe/4 in total. The clamped capacitor Chq, C5
are charged to Vpe/2 in total. The clamped capacitor Cig is charged to Vpo/4. If
the switches Si1, S12, 513,514 turn on, the output voltage is Vpeo/2. If the switches
S1s, S16, 517, S1s turn on, the output voltage is —Vpe /2. For the output voltage Vpe /4
and —Vpc /4, there are three combinations respectively while the five-level DCC only
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Figure 2.4: Single-phase Multi-level Diode Clamped Converter

has one switching state with one combination. For zero output voltage, there are six
combinations of switch states while the five-level DCC only has one switching states
with one combination [29]. Switching combinations need to be selected considering the
clamped capacitor voltage balancing. High expense of flying capacitor at low carrier
frequency is another disadvantage of this topology [42].

2.1.3 Cascaded H-Bridge Converter

The Cascaded H-Bridge (CHB) converter topology is shown in figure 2.6, which was
proposed by Hammond in 1993 [43,44]. It can be seen that cascaded H-bridge converter
has no common dc-link, which is based on the series connection of single phase full
bridge module. Each single-phase full bridge can generate at the output three voltage
levels, Vb /2,0, —Vpe /2. The total phase to neutral voltage is the sum of the individual
output voltages of each module. Taking the five-level CHB converter as an example, if
Vbe1 and Voo are Vpe /4, so the output voltage level can be £Vpe /2, +Vpe/4 and
zero, which are five levels. If the quantity of single-phase full bridge is n, the output
voltage level will be 2n+ 1. The Cascaded H-Bridge converter can be easily extended to
higher output voltage and power level (e.g. 13.8kV, 30 MVA) [45]. The CHB converter
has a major advantage, which is the high degree of modularity. This makes the topology
easy to extend to high voltage and power, easy to replace and implement modular control
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Figure 2.5: Single-phase Multi-level Flying Capacitor Converter

algorithms. However, one disadvantage is that this topology needs separate DC-links for
each single phase full bridge. Usually, this can be achieved by using a transformer with
multi-terminal windings on the secondary side and a rectifier. Reference [46] presents
this topology for wind energy applications.
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Figure 2.6: Five-level Cascaded H-Bridge Converter
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2.1.4 Modular Multilevel Converter

The Modular multilevel converter (MMC) was proposed by Marquardt for HVDC ap-
plications in 2003 [47], and was first commercially used in the Trans Bay Cable project.
MMC is an attractive topology for HVDC application and high power due to its sev-
eral advantages, such as strictly modular, no AC-filters necessary, distributed dc-link
capacitor and low switching frequency (fs. =~ 3f1) for a large number of modules. The
three-phase modular multi-level converter is shown in figure 2.7. During the last ten
years, MMC related issues have been investigated widely in the literatures. However,
there are still several issues, e.g., circulating current suppression and capacitor voltage
balancing. Reference [42] presents voltage balancing control of the multiple floating dc
capacitors from theoretical and experimental verifications. Reference [48] presents MMC
for back-to-back HVDC transmission system using phase-disposition sinusoidal pulse
width modulation (PD-SPWM) strategy including capacitor voltage balancing. For the
modulation, losses analysis and semiconductor requirement are presented in [49-52]. For
a wind energy conversion system without transformer, which means the output voltage
might need to be a medium voltage level network, e.g. 33kV, the modular multilevel
topology might be one attractive solution. Reference [53] presents modular multilevel
converters in wind energy applications and proves that for a generator nominal fre-
quency above grid frequency, it can achieve the best efficiency among the investigated
topologies.

2.2 Market Overview MV Multilevel Converters

It has been more than three decades after multi-level converters were first introduced in
the 1980s. For the high voltage application, MMC is becoming one attractive solution.
For the medium voltage application, among the multilevel converters, three-level NPC
converter is the most widely used for MV drives. Table D.1 shows an overview of
mainstream MV multi-level converter manufacturers. It can be found that the most
used topology is the three-level NPC VSC. Besides, CHB VSCs also have some market
share. The power rating can be extended to dozens of megawatt, e.g., GE MV7000 can
drive an 81 MW system. The voltage level range starts at 2.3kV until 13.8kV. The
semiconductors adopted in MV application are dominated by IGBTs and IGCTs.

2.3 Overview of MV Semiconductors

The most common power semiconductors are diodes, thyristors and power transistors.
According to the application voltage, they can be divided into low voltage (LV, <1000 V)
and medium voltage (MV, >1000V devices, e.g., 1.7, 2.5, 3.3, 4.5 and 6.5kV). For
the medium voltage power semiconductor switches, IGBTs and IGCTs cover almost
all the market, which is illustrated in table D.1. This section will present the main
characteristics of IGBTs and IGCTs.
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Figure 2.7: Three-phase Modular Multi-level Converter

2.3.1 Insulated Gate Bipolar Transistors (IGBTS)

The IGBT was first introduced in 1982 by J.Baliga from GE, with a symmetric blocking
voltage of 600 V and 10 A (6 kVA) [54]. It combines the advantages of BJT and MOSFET
(e.g., high input impedance, fast switching and low drive energy) to form a mixed device.
The IGBT conduction drop voltage is small, which is generally 2 to 3V (e.g. ABB 5SNA
1200G450350, Vo g sat = 2.6 V). The IGBT has several advantages, such as a simple gate
unit, snubberless operation, high speed switching for silicon devices and modular design
with insulated baseplate [55]. In the market, there are several types, e.g., the traditional
structure PT IGBT (Punch-through), NPT-IGBT (Non-punch-through) and FS-IGBT
(Field-stop) [54,56]. Current IGBTs have newer concepts, which include trench-gate
IGBTs (Trench-Field-stop IGBT), injection-enhanced IGBTs. In recent years, SiC tech-
nology has been developed dramatically. Reference [57] presents comparative evaluation
between a 15kV SiC IGBT and a 15kV SiC MOSFET. A transformer-less intelligent
power substation with 15kV SiC IGBTs is proposed in [58].

2.3.2 Integrated Gate-commutated Thyristors (IGCTSs)

The IGCT was introduced in 1997 especially for high power and medium voltage ap-
plications. The structure of IGCT is similar to GTOs. The IGCT has unity turn-off
current gain, which means for 4.5kV, 3000 A IGCT, a negative 3000 A is needed for turn
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off [54]. Namely extra low leakage inductance is necessary for IGCT to have a short
duration variation and a very large di/dt (e.g., 3000 Aps~!). The common GTO gate
has a stray inductance of around 30 nH, however, IGCT has only around 6 nH [55].

2.4 Market Overview of MV Semiconductors

The mainstream MV power semiconductors manufacturers and their products are shown
in table D.2, which mainly include IGBTs and IGCTs. IGBTs have a larger market
share than IGCTs. It can be noted that normally the voltage level is designed as 1.7,
2.5, 3.3, 4.5 and 6.5kV. The maximum dc collector current Io for 1.7kV IGBT is
3600 A. Besides the module package of IGBTS, press-pack IGBTs are also offered by
manufacturers, e.g., WESTCODE. Press-pack has several advantages, such as explosion
free devices, higher thermal reliability and possible redundant converter design due to
its short-circuit in failure [55]. Compared to IGBTs, thyristor-based IGCTs are only
offered by a few manufacturers, e.g., ABB. The blocking voltage levels have 4.5, 5.5 and
6.5kV. The current in the table D.2 for IGCTs is the maximum controllable turn-off
current (Irgoa). The maximum average on-state current (Itaya) for ABB 6.5kV
IGCT is 1290 A, which is much higher than the dc collector current for the same voltage
level of a IGBT. Generally, the IGCTs have lower saturation voltage than IGBTs.

2.5 Summary

In this chapter, the fundamental MV multi-level converters are introduced. With the
increasing demand for the power rating of a single converter, multi-level converters
replacing the traditional two-level converter becomes an attractive solution for high
power applications. Among a variety of multi-level converter topologies, diode clamped
converter (DCC) is the most common for the low-level multi-level converter, i.e., three-
level converters. Another topology, the cascaded H-bridge converter (CHB) due to its
modular property is widely used for middle-level multi-level converter applications, e.g.,
nine-level for YASKAWA MV1000. The modular structure makes the system easy to
maintain and enables redundant design, which makes the system more reliable. The
Modular Multilevel Converter (MMC) was originally designed for high voltage applica-
tions. But by employing MMC, the grid converter of WECS can be extended to MV
without a transformer (e.g., 33kV), which can be directly connected to the PCC and
might be an alternative for large wind turbine applications.

In the second part of this chapter, the most widely used full-controlled power semi-
conductors are introduced, i.e., Insulated Gate Bipolar Transistor (IGBT) and Inte-
grated Gate-commutated Thyristor (IGCT). IGCTs are only available in press-pack
package, while for IGBTs there are two types of packages, i.e., module and press-pack.
Generally speaking, IGCTs can offer larger power rating compared to IGBTs.
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Part 11

System Design and Evaluation
of Wind Energy Conversion
System

Referring to Figure 1.5, the second part of the Ph.D. thesis includes two chapters.
Chapter 3, system design of wind energy conversion system, presents the detailed sys-
tem parts modelling individually. For the experimental verification, a low voltage test
bench is also designed and built. Chapter 4, evaluation of wind energy conversion sys-
tem grid connections focuses on the evaluation criteria of one wind turbine system in
terms of stability, efficiency and power quality.

3 System Design of Wind Energy Conversion System

In this chapter, a megawatt level wind energy conversion system is presented. As de-
scribed in the previous Chapter 1, the back-to-back direct driven PMSG based wind
energy conversion system is selected as the investigation object. First, the MW system
overview is shown. Following, the grid side key parts are discussed separately, including
the grid side converter, LCL filter and grid modelling. Especially, one scaled low voltage
10kVA test bench is designed for the experimental verification.

3.1 MW System Structure Overview

Based on the state of the art wind turbine technologies [9,59], for a megawatt wind
power system, PMSG based direct driven generator with multi-level medium voltage
back-to-back converter is one attractive choice. Figure 3.1 shows the system structure,
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which mainly includes wind blades, PMSG, power converter and LCL filter without
gearbox and transformer. The parameters based on reference [60] of the wind turbine
and PMSG are shown in table 3.1a and table 3.1b respectively. The wind turbine rated
apparent power is designed as 5 MVA. The maximum power tracking with field oriented
control can be implemented in the generator side control. This thesis will focus on the
grid side converter current control for grid code compliance.

Table 3.1: MW Wind Turbine and PMSG Parameters [60]

(a) MW Wind Turbine (b) PMSG Parameters
Variables Value Variables Value
Rated power 5 MW Generator rated power 5 MW
Rated rotor speed 14.8 rpm Rated L-L voltage 3.3kV
Rotor diameter 116 m Power factor 0.95
Cut in wind speed 2.5ms~! Phase resistor Rs 50 m§2
Cut out wind speed 25ms~! d-axis inductance 3.5218 mH
Rated wind speed 11.8ms™! g-axis inductance 3.5218 mH
Optimum tip speed ratio 7.61179 PM flux 10.1486 Wb
Maximum Power coefficient 0.4746 Number of pole pairs 118

Among the multi-level medium voltage power converters, three level (A)NPC has
been the most prevalent topology in the industry, which is discussed in previous section
2.1. The power converter topology used in the MW system design is shown in figure
3.2, which is a back-to-back active NPC converter. Actually, when the active switches
to the midpoint are turned off, and only the body diodes are used, then it becomes a
NPC converter. Instead of a single inductor, LCL filter is more effective for medium
voltage level, where the switching frequency is around 1kHz. The detailed LCL filter
design will be introduced in section 3.4.
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3.2 MYV Grid Converter

As the basis, converter modelling should be done at first. The topology of a three-level
NPC converter with L-filter connected to the grid is depicted in figure 3.3. Compared
to the two-level converter, the three-level NPC converter has three states at the phase
output to neutral (NP), which are positive, zero and negative. The switching states
of one phase of the converter are given in table 3.2, where S;1, 52,53, 54(j = a,b,¢)
indicate the states of the switches. The states of the three level NPC converter can
be modelled through switching space vector with the switching functions p;(t). The
switching space vector can be built as:

2
P(t) = 3 (Pa(t) + aps(t) + a?pe(?)) (3.1)
1 ifs; ="+
pi(t)=40 if S; ="0 (3.2)
-1 ifS; ="~

where o = €727/3. So the converter output voltage space vector can be achieved by:

v(t) = plt) e

where V. is the DC-link voltage. The voltage vector v(t) can be projected from the
3-phase system into the stationary «f frame or the rotating dq frame. The relation
between them is presented in figure 3.4. The detailed transformation among the three
frames is described in Appendix A of reference [61].

Using space vector representation, there are 27 switching states and hence there are
27 voltage vectors. However, only 19 voltage vectors differ from each other, as shown

(3.3)
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in figure 3.5. The vectors are classified into four groups. There are six large voltage
vectors (|V1] ~ |Vs| = 2Vy./3), six medium voltage vectors (|Via| ~ V1| = Vae/V3),
twelve low voltage vectors (|Vp1| ~ |Vos| = Vae/3) and three zero voltage vectors.
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Table 3.2: Switching States of Single Phase NPC Converter

Sip Sj2 Siz Sja S; Venne
1 1 0 0 4+ V)2
0 1 1 0 0 0
0o 0 1 1 - —Va/2

(0,0,+)
(_=_»0)
0y

=) Vs (0,-+)Vs4 Ve 7
Figure 3.5: Three level NPC Converter

3.3 DC-link Capacitor

The DC-link capacitor as the bridge between the generator side and grid side converter
takes a very important role in WECSs. The DC-link voltage ripple should be small
enough for high quality control performance. Low frequency ripple, e.g., twice of the
grid frequency when grid faults occur, require a larger capacitor. A smaller capacitor
has fast response, but it might have higher voltage ripples and reduced lifetime. So
the DC-link capacitor design is a trade-off between the voltage ripples and control
response considering lifetime, footprint and cost. Considering these aspects, the DC-
link capacitor can be designed according to the following equation [62,63]:
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S

Cdc =
Vd*c : A'Udc -2 - min {we,grid7 we,gen}

(3.4)

where Cy. is the whole DC-link capacitor, and Cy.1, Cyeo = C = 2Cy4.. S is the apparent
converter power. V; is the nominal DC-link voltage. Avg,. is the allowed voltage ripple
(2% recommended in [64]). We,grid and we gen, Tepresent the grid angular frequency and
generator nominal electrical angular frequency, respectively. According to equation 3.4
and the parameters shown in table 3.1a and table 3.1b, the DC-link capacitor is designed
as 7631 nF (5% voltage ripple).

3.4 LCL Filter
3.4.1 Modelling of LCL Filter

The diagram of the converter connected to grid through the LCL filter is shown in
figure 3.6. According to Kirchhoff’s voltage law the three-phase voltage equations under
balanced condition can be obtained in abc frame. They are given by:

di :

Lo =2k = — Ryiog + Ve — Vgk
d ek 1 .

Cf% =11k — 12k (3.5)
di .

Ly %k = —Ryig + vik — Ve

where the subscript k& = a,b,c indicates the three phases. i1x is the converter side
current, io is the grid side current, v, is the capacitor voltage in LCL filter, vy is the
output voltage of the converter, and vgy is the grid voltage. Li,L are the converter
side and grid side inductances, respectively. R1,Rs are the resistances of the converter
side and grid side inductors, respectively. C is the capacitance of the LCL filter.

The system shown in equation 3.5 can be simply written in the space state form:

d

ﬁx = A,z + B,u+ E,w (3.6)
where the state variable vector is the combination of grid side current, capacitor voltage
and converter side current in abc coordinates @ = [ i2 v, iy ]T. The input vector

u = v; and the disturbance term w = vy. The state matrix A,,, input matrix B,, and
disturbance matrix F,, are given by:

_Ry 1 0
e Ia 1
An=| —7 0 2 (3.7)
0 _1 _ R
Ly I

Bn=[0 0 ¢ | (3.8)
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Figure 3.6: Voltage Source Converter Grid Connection with LCL Filter

En=[-7% 0 0] (3.9)

3.4.2 Design of LCL Filter

In order to design the grid side inductor, it is necessary to analyse the forward transfer-
admittance, which is the transfer function from converter phase voltage to grid current
shown below:

Figure 3.7: LCL Filter Equivalent Circuit

I RiCs+1

U~ L1LyCs3 + ks + kys+ Ry + Ry
where ky = [Ll(R2+Rd)+LQ(R1+Rd)}C and k; = [Ll+L2+(R1R2+R1Rd+R2Rd)C].
If the inductor parasitic resistances R; and Ry are neglected, equation 3.10 can be
simplified:

G(s) =

(3.10)

Ii o R;Cs+1
U1 - L1L2083 + (Ll + LQ)RdCS2 + (Ll + L2)S

Gi(s) = (3.11)
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Table 3.3: Base Value of PU System

Variable Symbol Formula Value  Unit
Power P, - 5 MW
Voltage Vi - 3.3 kV
Frequency fo - 50 Hz
Angular Frequency Wp 27 fy, 314.16 rad/s
Current I BV, = V3Iy 1515 A
Impedance Zy V}f /Py 2.178 Q
Inductance Ly Zy [ wh 6.933 mH
Capacitance Cy 1/ Zpwy 1461 uF

For convenience, the system base variables of the PU system are shown in table 3.3.
The line-to-line voltage is selected as the base voltage V3. The base current variable
I, equals P,/V;, which is actually the rated phase current. The base impedance Zp,
inductance L; and capacitance C, are Vb2 /Py, Zy/wy and 1/(Zywy) respectively. The
LCL filter design procedures are discussed as follows:

1. Converter side inductor design

=
N
~
<
|

Re(V,) =

y 0 L2 T, t
Re(Vy;)=— ‘g m

(a) Vector Combination (b) Current Ripple

Figure 3.8: Three-level NPC Current Ripple for Worst Case

The converter side inductor is designed in order to limit the ripple of the converter
side current. There is a trade off between the ripple reduction and the inductor cost.
The smaller the current ripple, the larger the inductor. From the industrial point of
view, the current ripple can be chosen as 15% ~ 25% of the rated current. For a two-level
converter, the minimum converter side inductor can be calculated by the equation given
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in reference [65]. It should be noted that the equation depends on the topology and
modulation algorithm though. For the three-level converter (figure 3.8), the projection
of the selected voltage vector at axis a, i.e., horizontal axis is the phase A voltage. It can
be found that the range for phase A voltage is changing from —2Vp¢/3 to 2Vpe/3 with
the step Vpe /6. For SVM, which is equivalent to SPWM with third harmonics injection,
the composite voltage vector V* can be implemented by adjacent voltage vectors and
zero vectors, which is shown in figure 3.8a. The relation can be expressed as:

T
%-t0+%2~t1+%3-t2:\/*-§ (3.12)

where tg + t1 + to = Ts/2. Assuming that the capacitor voltage is constant during one
switching period, the maximum current ripple will occur when ty = 0 and the phase A
voltage is crossing zero. So the peak voltage-second can be derived as:

dil Vdc Ts

Ll% =V, = L1Ad; = ’ULlAt = 6 . Z (313)

If the value 20% of the rated current is selected as the current ripple, the minimum
inductance of the converter side can be estimated by [66]:

Vdc
Ll e 24fAZl maxfs (314)
where Aijmax is the peak current ripple and fs is the switching frequency. Since the
converter side current has to endure high frequency ripple current, and with high re-
quirements for core material and the volume, typically the converter inductor is more
expensive than the grid side inductor. From the cost point of view, a smaller the con-
verter side inductor design is preferred.

The current ripple depends on DC link voltage V. and switching frequency f;. For
medium voltage and mega-watt level wind power application, the switching frequency
range is normally around 1kHz, which is smaller than the PV and low power wind
application. In order to guarantee a symmetrical PWM output, the carrier wave ratio
N = f./f should be an odd and a multiple of three. For this case, N = 21 is selected
for the LCL filter design, i.e., the switching frequency is 1050 Hz. Regarding the DC
link voltage, theoretically there is a minimum voltage for normal operation of PWM
converter, e.g., Vi./2 > Vg (SPWM) and Vie/V3 > Vi (SVPWM). Here, V,, is
the amplitude of the grid phase voltage. For this reason and considering some margin,
the DC link nominal voltage is selected as 6000 V. Based on the analysis above, the
relationship between the maximum current ripple Aéq a2 and converter side inductor
L1 can be found. It can be derived that if 20% of the rated current is selected as the
current ripple, the minimum converter side inductor is 1.36 mH.

2. Shunt capacitor design
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After the minimum converter side inductance is chosen, the shunt capacitor selection
is a trade-off between reactive power installed in the capacitor and the converter side
inductance. If the capacitor is too small, the inductor L, needs to be large enough in
order to meet the attenuation requirement. At the same time, a large L; increases the
cost significantly. However, a large capacitor means large reactive power, and a larger
current flows through the converter, which makes relevantly more losses. As another
aspect, the application should also be considered. Equation 3.15 shows the relation
between the shunt capacitance and the base capacitance, where x represents the PU
value. For low power and several kilohertz switching frequency, 2%-15% of the base
capacitance Cy is typically used [65,67,68]. But for high power, e.g. mega-watt level,
where the switching frequency is around one kilohertz, a capacitor in the range of 42%-
45% of the base capacitance Cp is recommended [66,69]. A value of 43% is considered
in this work, which corresponds to a capacitance of 628 pF.

Cr=2C (3.15)

3. Grid side inductor design
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Figure 3.9: Vector Diagram and PQ Diagram

The grid side inductor is mainly used to limit the high order harmonics. However,
with the grid inductor increasing, the fundamental voltage drop becomes larger. From
the vector diagram shown in figure 3.9a, it can be found that the operation point C
(PF = 0,leading) needs the smallest inverter output voltage, while at the operation
point A (PF = 0,lagging), the largest inverter output voltage is required. In reality,
four quadrant full operation is not necessary, according to the PQ diagram shown in
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figure 3.9b, where the inner triangle shows the normal range of operation with 5%
reactive power injected/absorbed [61]. Assuming that the capacitor is ignored, the total
inductance should comply with:

Vae/2 = Vym
27Tf1 Igm
where Lmax op i the maximum inductor limited by the pre-defined operation point,
e.g., point A, Vi, and Iy, are the amplitude of the grid phase voltage and current

respectively.

Under this condition, the grid inductor should be designed to comply with the grid
code, e.g., IEEE 519-1992. The current harmonics limits of this grid code are shown in
figure 3.10. One tested grid current harmonic distribution at PF = 1 is also analysed,
which comply with the grid code. Detailed information on the grid code will be given
in section 4.2.
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Figure 3.10: Grid Code Standard IEEE  Figure 3.11: Converter Phase Voltage
519-1992 (Current Harmonics) FFT Analysis with PF =1

Assume Lt as a constant and o« = L1 /Ly, equation 3.11 can be written as:

12 _ RdCS +1

U ol - a)LZ2Cs3 + LrRyCs? + Lrs
It can be easily proved that when o = 0.5, namely L; = Lo, the filter has the best

attenuation. But at the same time, the resonance frequency fr.s,1 become the smallest,

which may cause resonance problems. To avoid this, the resonance frequency of the

LCL filter normally should be in the range of ten times the fundamental frequency and
half of the switching frequency [66].

1 1
fre&lzg m (3.18)

Gi(s) = (3.17)



32 Part II. System Design and Evaluation of Wind Energy Conversion System

In order to get the optimal value of the grid inductor, several values of Lo are
compared in figure 3.12. According to the grid current limitation spectrum shown in

figure 3.10 and the phase voltage spectrum shown in figure 3.11, a grid code transfer
function can be defined as:

Ig grid code(s) 12
e € ==
VVZ’nv (5) ! ( ) Ul
Namely by employing the LCL filter, the forward transfer-admittance G1(s) should
be below the grid code transfer function to comply with the grid code, which is shown

in figure 3.12. Considering the filter size, weight and cost, Lo = 0.3 mH is selected. It
should be noted that damping is necessary for the filter.

Ggridicode = (319)
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Figure 3.12: Forward Trans-admittance with Different Grid Side Inductance

Based on the design procedure aforementioned, the designed parameters of the LCL
filter are summarised in table 3.4.

Table 3.4: LCL Filter Parameters

Component PU Value Real Value

Ly 0.196 1.36 mH
Cy 0.43 628 pF
Ly 0.04 0.3mH

Ry 0.09 0.2
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3.5 Modelling of PCC Voltage

For the balanced grid voltage, the positive sequence can be expressed as:

ve = VI coswt
v, = VI cos(wt — 2F) (3.20)
ve = VI cos(wt + £F)

where V.1 is the amplitude of the positive sequence of the grid voltage. By employing
the Clarke transformation, it can be easily transferred to:

v 2 Va coswt
a | _ 2 —
[ vg ] N 3T zb o { sin wt } (3.21)

where

C[1o—12 =12
T_{O N1 _\/3/2] (3.22)

It can be found that:

dvg

— +.si — +
= —Vawsinwt = =V Twug

(3.23)
dvg _

+ —y+
= = Vpwceoswt =V, wu,

3.6 Scaled Experimental Low Voltage System Setup

In order to verify the investigated control algorithms, a low voltage power conversion
system is built. The original plan was to include a three phase three-level back-to-back
(A)NPC converter, a 12-pulse three phase diode rectifier, an LCL filter, two transform-
ers, a wind emulator and control system. The whole structure is shown in figure 3.13.
However, it should be noted that the wind emulator in the left dashed frame was not
built for final test. The right dashed rectangle frame indicates the converter metal cab-
inet. The main power conversion parts are installed in the cabinet for safety reasons.
The 12-pulse diode rectifier is used for the DC-link charge. The wind emulator con-
sists of an Induction Motor (IM) and an Electrically Excited Synchronous Generator
(PMSG). The induction machine is controlled by a Siemens Sinamics 120 Converter,
which can implement direct torque control to simulate the different wind profiles. The
control system mainly includes a Wago Programmable Logic Controller (PLC) and a
dSPACE SCALEXIO system. The former one is responsible for the DC-link charge and
discharge, door system and the IM control. The latter one is in charge of the converter
control, which includes PWM signal generation, Analog Digital Conversion (ADC) and
error signal receiving. For human-computer interaction, e.g., reference value setting,
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physical variables measurement, is implemented via dSPACE ControlDesk. A photo of
the test bench is shown in figure A.1.
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Figure 3.13: 10KVA Three Phase Three-level (A)NPC Back-to-back Power
Conversion System

3.6.1 Operation Modes

The original objective is to build a flexible setup in order to offer a large flexibility [70],
which includes:

e 4-quadrant operation on both converter sides

e 2-level or 3-level converter operation including NPC and ANPC mode
o simulation of different source behaviours (wind, diesel, biomass)

o changing of machine task (motor/generator)

o grid integration and off-line operation mode

e implementation of various converter control algorithms
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The converter test bench has two operation modes, which are:

e Mode 1: Back-to-back operation

e Mode 2: Diode rectifier and grid side converter operation

Operation mode 1, can fully simulate the full power conversion back-to-back wind
turbine from the generator side to the grid connection. Being available in the power
electronics group, an EESG is used to emulate the function of a PMSG. The excitation
system is controlled by an AC/DC converter.

For operation mode 2, the power flows through the 12-pulse diode rectifier, the grid
side converter and the LCL filter connecting to the grid. The generator side converter
is not utilized. In this mode, the test bench is mainly used for grid converter con-
trol algorithm verification. For the grid converter control, the grid code must be fully
considered to comply with, including the harmonics requirement and high/low voltage
ride-through. This thesis will focus on the operation mode 2 to investigate the current
control of the grid side converter.

3.6.2 Control System

The control system consists of two parts, a programmable logic controller (PLC) and a
dSPACE Scalexio control system. While the PLC realizes overall control tasks as the
startup sequence, fault handling and control of the drive train, the dSPACE system
controls the back-to-back converter. More details can be found in appendix A.1.

1. Programmable Logic Controller

A WAGO PLC (750-881) system is responsible for functional safety, charging and
discharging of the dc link capacitors, temperature measurement, and drive train
control. It consists of a single central controller which is supplemented by a touch-
enabled display to deploy a versatile human-machine-interface (figure A.2a). The
display can be used for monitoring both electrical and mechanical values as well
as for powering on and controlling the test bench.

2. dSPACE SCALEXIO System

The converters are controlled by the dASPACE SCALEXIO control system, which is
integrated with the DS2655 FPGA Base Module and the DS2655M1 I/O Module.
For example, for mode 1, the state-of-the art cascaded control schemes can be
applied for the operation of the test bench. This means that on the generator
side, field oriented control (FOC) is used. Under normal operation, the Maximum
Power Point Tracking (MPPT) method, see e.g. [71,72] is adopted to extract
the maximum power from the wind turbine, giving the generator speed reference.
Figure 3.14 depicts the outer speed and the inner current loop of the controller.
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Figure 3.14: Cascaded Control Scheme for the Back-to-back Converter

On the grid side, voltage orientated control (VOC) operating in a synchronous dgq
reference frame is implemented [73]. Since MPPT is used for the generator, the
grid side converter is responsible for the dc link voltage control. All controllers
could be classical PI controllers designed according to the “modulus optimum” for
the current loops and the “symmetrical optimum” for the dc voltage.

3.6.3 Power Converter

The scaled back-to-back converter consists of a generator side rectifier and a grid side
inverter in IGBT technology applying 1.2kV semiconductor devices [74]. Four 4700 pF
/ 450V electrolytic capacitors in series are used for the DC link. Each converter is
realized as a 3-level Active Neutral Point Clamped Converter (ANPC) which comprises
additional active switches compared to the NPC, as shown in Figure 3.2. Choosing an
appropriate PWM scheme, each converter can be operated either as a 2-level converter,
a 3-level NPC converter or as a 3-level ANPC converter with an optimized loss distri-
bution. Figure A.4a depicts the IGBT modules, drivers and heat sinks of the converter.
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3.6.4 LCL Filter

As mentioned before, the LCL filter is the bridge between the converter and the grid.
The megawatt level LCL filter design was illustrated in subsection 3.4. For the low
voltage test bench, LCL filter components are selected in order to match the PU value
shown in table 3.4 as close as possible. Based on the available devices, the selected
components are shown in table 3.5.

Table 3.5: LCL Filter Parameter for 10K VA Test Bench

Component PU Value Real Value

Ly 0.161 8.2mH
Cy 0.118 23.5nF
Lo 0.149 7.6 mH
Ry 0.3 59

3.7 Summary

In this chapter, the design of the electrical part of a 5 MVA wind turbine is addressed.
It includes a PMSG, the back-to-back three-level converter and the LCL filter. The
modelling of the grid converter, LCL filter, and the grid are described, respectively.
In addition, the design of an LCL filter is given step by step for medium voltage and
megawatt level.

Finally, the low voltage system setup is designed and built in the laboratory. The
main parts of the setup, i.e., control system, power converter, and LCL filter are dis-
cussed in detail. The system design is the basis for the further research.
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4 Evaluation for Grid Connection of WECS

This chapter addresses the evaluation methods of a wind turbine system. For the power
system, the stability, power quality and efficiency are the basic three aspects. Stabil-
ity is the most important one. Power quality is a complex issue, which includes line
interruptions, flicker, phase unbalance, distortion [75]. Around the world, different coun-
tries have different grid codes to achieve the required quality. Guaranteeing stability
and power quality, efficiency can be considered further for decreasing losses and perfor-
mance improvement. For a single wind turbine electrical system, the same aspects can
be analysed, and will be discussed in this chapter.

4.1 Stability Analysis
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Figure 4.1: Simplified LCL Filter
Equivalent Circuit for Stability Analysis

Figure 4.2: LCL Filter Transfer
Function Bode Plot

The main goal of the grid side converter is the independent control of active and re-
active power injected to the grid, which means the voltage source converter is controlled
as a current source. Normally, the internal control loop is the current control loop. A
good current controller design is essential for the system stability. Since the LCL filter
is used for the grid connection and introduces resonance problems into the system, it is
necessary to analyse the relevant transfer functions. Figure 3.7 can be simplified with
an assumption that the grid voltage only contains a fundamental component, which can
be seen as a short circuit with zero impedance when performing the stability analysis
and harmonics analysis. The simplified circuit is shown in figure 4.1. In the frequency
domain, there are four transfer functions to be considered. For the worst case, the in-
ductor parasitic resistances R; and Ry are neglected. The converter voltage to the grid
current transfer function Gp(s) is shown in equation 3.11. The other three are given
below. Here, U, is the sum voltage of Ry and C.
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Go(s) = I LyCs? + RyCs + 1 (4.1)
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The bode plots of transfer function G1,Gs, Gs, G4 without damping (R4 = 0) are
shown in figure 4.2. Two resonance frequencies can be found:

1 L1+ Ly
res,1 — 5 4.4
f 1 2 LlLQC ( )

1 1
fres,Q - % [/270

where it is obvious that fres1 > fres2, since Ly + Ly > Ly. For the test setup de-
scribed in subsection 3.6, the resonance frequencies are fr.s1 = 522.76 Hz and fc50 =
376.60 Hz.

Compared to a simple inductive filter, the LCL filter has two options to design
the internal current loop, the converter side current feedback (CSCF) and the grid
side current feedback (GSCF). In the literature, both methods are used. In references
[76-79], the CSCF is adopted with or without additional damping, while in references
[80-85], the GSCF is fully studied. In addition, several references also compare the
two methods. In reference [86], the discrete root loci are analysed with different ratio of
resonance frequency and control frequency. It is concluded that the GSCF is superior to
the CSCF since the former could be stable without any damping. On the contrary, the
reference [87] shows that the CSCF is more stable due to the unique inherent damping
characteristic of the LCL filter. The conclusion is drawn that the GSCF has no such
inherent damping. However, there is no time delay considered in this paper. Actually,
the time delay caused by the ADC, computation, and pulse width modulation (PWM)
generation is inevitable, which should be considered in the stability analysis. Reference
[88] conducts the stability analysis of both CSCF and GSCF methods considering time
delay. A comprehensive overview of the previous papers is given, which illustrates why
different conclusions have been drawn in before.

The stability depends on the ratio of resonance frequency and control frequency and
the feedback current, and time delay. The detailed analysis will be given for the MV
designed system.

G4(S)

(4.5)
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4.1.1 Grid Side Current Feedback Control

Since the original objective of the grid converter is to control the active power and reac-
tive power, it is natural to select the grid current as the controlled variable. Moreover,
the grid code has specific requirements on the grid current harmonics. So the direct
grid current control should be considered as a priority. Reference [86] shows that if the
resonance frequency is less than half and above one quarter of the control frequency, the
system is stable without damping for grid side current feedback control. A similar con-
clusion is drawn in reference [81], the grid side current inherent damping effect is only
available when the resonance frequency is above one-sixth of the system sampling fre-
quency. In order to observe the stability of the designed system, the open loop transfer
function block diagram in s-domain is shown in figure 4.3, where G.(s) is the controller.
G4(s) represents the total time delay, and kpw s is the gain of the PWM, which is one
here. For Voltage Oriented Control (VOC), a simple PI controller is adopted:

Gels) = y(1 + ) (4.6)

where k), is the proportional parameter and 7 is the time constant. The PI controller
is designed according to the modulus optimum (MO) method. Here k, = L /(37T5),

7=Lp/Ryr, and Ly = Ly + Lo, Rp = Ry + Ro. T is the sampling time. For the time
delay block, ATs (A = 1.5) is estimated here, so

1

Gal$) = 37571

(4.7)
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Figure 4.3: Grid Side Current Feedback Control Block Diagram in S-domain
So the open loop transfer function in s-domain can be achieved as:

Gopg(5) = kpw i Gels)Gals)Ca (s) (4.8)
Since the controller will be implemented in the digital system, the transfer function

is transformed into z-domain, which is shown in figure 4.4. So the open loop and close
loop transfer function can be obtained as:

Gopg(2) = Ge(2)Gy(2) (4.9)
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Figure 4.4: Grid Side Current Feedback Control Block Diagram in Z-domain
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where G,(2) is the discrete part of delay, PWM generator and forward admittance G1(s)
from inverter side voltage v, (s) to grid current is(s). From equation 4.10, the system
zeros (’0’) and poles ('x’) can be obtained, which are shown in figure 4.5. It can be noted
that without damping (R4 = 0), the system poles are already outside of the unit circle,
which means the system is not stable. With increasing the damping resistor value, the
system poles move to the inside of the unit circle, which means the system becomes
stable.
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Figure 4.5: GSCF Close Loop Root Locus with Ry Varying
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In conclusion, if the GSCF control is adopted for the designed system, it is not
stable without damping and with 1.57; delay considered. The system can be stable if
the damping resistor increases. It can be noted that the minimum value of the damping
resistor is 20§ according to figure 4.5.

4.1.2 Converter Side Current Feedback Control

Besides the GSCF control, CSCF control is the second option. In order to reduce the
cost and the quantities of the sensors, normally the converter side current is measured
since for an industrial converter, the current sensors are installed in its hardware, which
is also used for protection [76,77]. Similar to GSCF, the single current loop diagram in
the s-domain is shown in figure 4.6. So the open loop transfer function in s-domain can
be achieved as:

Gopi(S) = kaMGC(S)Gd(S)GQ(S) (411)

Vinv (S)

i (9)+ G.(s) > G,(s) > Ko, G,(s) h(s)

Figure 4.6: Converter Side Current Feedback Control Block Diagram in S-domain

The CSCF control loop diagram in z-domain is shown in figure 4.7, where the grid
side current branch G4(z) is also drawn, and G;(z) is the discrete part of delay, PWM
generator and self admittance Ga(s) from inverter side voltage viny (s) to inverter current

il(S).
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Figure 4.7: Converter Side Current Feedback Control Block Diagram in Z-domain

So the open loop and close loop transfer function can be obtained as:
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Gopi(2) = Ge(2)Gi(2) (4.12)

GG
14+ Ge(2)Gi(2)

From equation 4.13, the zeros and poles of CSCF control system can be obtained
and drawn in z-plane shown in figure 4.8. Compared to GSCF, the poles of CSCF are
all inside of the unit circle even without any damping (R; = 0). With the damping
resistance increasing, the poles move close to the origin which means the transient
response attenuates faster with the larger damping factor.

Gai(z) (4.13)
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Figure 4.8: CSCF Close Loop Root Locus with Rq Varying

Comparing the two methods, it can be concluded that CSCF is better than the
GSCF for the designed system. This also complies with the conclusion given in reference
[88], which is shown in table 4.1. For the designed system, the resonance frequencies
fresq = 522,76 Hz < %fs = 1.11kHz, which is located in the optimal range of CSCF
with A = 1.5. Here fs is the sampling frequency.
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Table 4.1: Stable Range Considering Sampling Frequency and Resonance
Frequency [88]

Method A Stable Range Optimal Range

oscp L fres < 3fs fres < &fs
1.5 fres < &fs fres < 5fs

ascp L 1fe<lres <3fs i < frea < 3fs
15 3fo < fros < 3f0 2fo < fres < A,

4.1.3 Passive Damping

As mentioned in the previous section, in order to achieve larger stable margin and
suppress the resonances, a damping solution should be adopted. The simplest method
is to add resistors in the system. There are several ways to implement this, which are
shown in figure 4.9.

Figure 4.9: Location of Passive Damping Resistor

It should be noted that parasitic resistances are neglected here. The resistors
Ry4, Rog, R34, Raq represent four different passive damping methods, which will be dis-
cussed as following.

1. Damping resistor with grid inductor in series
(Ria # 0, Rog = 00, R3q = 0, R4q = 0)

In this case, the forward admittance from converter voltage to grid current transfer
function is:

I 1
U, o L1L2083 + L1R1d082 + (Ll —+ LQ)S + Rig4

Gpi(s) = (4.14)
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where the damping resistor, R4, is installed in series with grid inductor. The bode
plot is shown in figure 4.10. It can be noted that with increasing damping resis-
tance the resonance peak is suppressed. The attenuation characteristic for high
frequency is the same as in the undamped case. However, for the low frequency
range, the transfer ratio (magnitude) from converter voltage to grid current de-
creases, which will affect the control system steady state performance. From the
magnitude figure, with 10% of base impedance(Z}), the resonance peak can be
suppressed below zero dB. In order to achieve enough gain margin(> 6dB), the
resistance has to be increased further, which will cause higher losses. Compared
to a damping resistor in parallel with the capacitor, the resistance in this case is
10 times higher.

2. Damping resistor in parallel with grid inductor
(Rld = 0, Rgd 7é oo, Rgd = O7 R4d = OO)

In this case, the passive damping resistor is installed in parallel with the grid
inductor. The transfer function of the forward admittance is:

é _ Los + Rag
Ur  L1LaR24Cs® + L1Las? + (L1 + Lo)Rogs

where R4 is the damping resistor. With decreasing damping resistance, the res-
onance peak is suppressed significantly, see figure 4.11. It can be noted that with
Rsq equal to 10 times of the base impedance(Zy), a sufficient gain margin can be
obtained. However, the attenuation characteristic for high frequency decreases.
Therefore, this method is seldom adopted for industry applications.

Gpa(s) = (4.15)

3. Damping resistor with capacitor in series
(R1g = 0, Rag = 00, R3q # 0, Ryqg = o0)
For this case, the damping resistor is installed in series with the capacitor. The
transfer function of forward admittance is:

Iy R3,Cs +1

Cu(S) = G = TiLa09 ¥ (L1 + La) RoaCs2 + (L1 1 La)s

(4.16)

where R34 is the damping resistor. The bode plot is shown in figure 4.12. With a
small resistance, e.g. 1% of the base impedance (Z;), the resonance is already sup-
pressed. The transfer ratio (magnitude) for the low frequency range is the same
as in the undamped case. For the high frequency range, the attenuation charac-
teristic does not show an obvious change. Compared to a damping resistor with
grid inductor in series, this case uses a much smaller (10 times) resistance, which
will generate relevantly less losses. This method is a good alternative solution for
passive damping.
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4. Damping resistor in parallel with capacitor
(R1g =0, Rag = 00, R3qg = 0, Ryq # o0)

In this case, the damping resistor is installed in parallel with the capacitor. The
transfer function of the forward admittance is:

L _ Ryq
U1 L1L2R4d083 + L1L282 + (Ll + LQ)R4dS

where Ryq is the damping resistor. The bode plot is shown in figure 4.13. The
characteristic for both low frequency range and high frequency range are the same
as in the undamped case, which is a big advantage of this method. However, in
order to get sufficient gain margin, the resistance has to decrease to 10 times of the
base impedance(Z;). Due to the parallel structure, with the resistance decreasing,
the losses increase. If the losses can be reduced for to an acceptable value, it will
be the best method to solve the resonance problem.

Gp4(5) =

(4.17)

In conclusion, from the aspects of control performance, filter attenuation character-
istic, damping characteristic and power losses, the damping resistor with capacitor in
series is a good solution, and commonly adopted for industry applications.

4.1.4 Active Damping

Even though the passive damping can supply sufficient damping for the control loop, it
leads to higher losses which may be considerable. In medium- and high voltage applica-
tions they may be larger than 1% of the nominal power [87]. The passive damping using
a damping resistor with capacitor in series will definitely compromise the attenuation
effectiveness in the high frequencies range. So the damping implementation without
losses becomes a special issue for the LCL filter control. Since a positive resonance peak
occurs at the resonance frequency, simply if another negative peak can be added at
the same frequency, which can eliminate the positive peak, the problem will be solved.
Actually, this can be implemented through changing the control structure. This method
is called active damping (AD). Filters based AD [89,90], e.g. notch filter or low-pass
filter are proposed in [89]. Filter based AD can be implemented without additional cur-
rent or voltage sensors compared with multi-loop control AD. Multi-loop control also
can damp resonances, e.g., [82,91]. Besides these two methods, based on the passive
damping, the virtual resistance (VR) concept was first proposed in [92]. Compared to
the filter based AD and multi-loop control AD, the VR concept has the advantage that
the active damping can be implemented through adding a damping component in the
current reference, which means the internal control structure is not changed. It is con-
venient for modulation-less control structures, unlike the filter-based AD and multi-loop
control which are generally based on PWM modulation voltage reference.
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Similar to the passive damping, the active damping resistor can be placed at different
locations. It can be located either in series to or in parallel with the grid inductor or
capacitor of the filter [92]. Here, the two options, which are in series to and in parallel
with the capacitor will be discussed in detail. The other two options can be analysed in
the same way. As shown in figure 4.6, the converter current is considered as feedback
loop variable. If the damping resistor is in series to the capacitor, the system control
structure can be depicted as in figure 4.14.

The dashed line with R4 in 4.14a represents the damping components. Through
equivalent reconfiguration, the structure can be transformed to 4.14b. Assuming that
the converter side current reference 5 (s) = i1(s), the damping components can be added
to the reference, which is:

i4(5) = i3(8) + RaC's % ig(s) (4.18)

where i.(s) indicates the capacitor current, and },(s) indicates the modified reference
after considering the damping component. The modified control structure is shown in
figure 4.14c. The capacitor current can be obtained via an additional current sensor
or state observer. Finally, the simplified system control diagram is shown in figure
4.14d, where the Goo(s) indicates the self admittance transfer function of pure LCL
filter without any damping, which is Gz(s) in equation 4.1 with Ry = 0. The block
G1.(s) represents the transfer function from v;,,(s) to capacitor current i.(s), which is:

Ic LQCS

Grels) = U, B L1 LyCs? + (L1 + Lo)

(4.19)

From the structure shown in figure 4.14d, the open loop transfer function can be
derived as:

Gc(8)Gq(8)G20(s)
1= RiCs - G1:(8)Gc(5)Ga(s)

where the subscript of G,p q4s indicates open loop of active damping with resistor in
series to the capacitor. In order to investigate the effect of the damping resistor value for
the system control performance, the open loop bode plot with different resistor values
is shown in figure 4.15. In the bode plot, the undamped case and passive damping
are also shown for comparison. With the passive damping (R4 = 5§2), the resonance
peak of the resonance frequency fres,1 is suppressed significantly. The active damping
can also suppress the resonance peak, but the stability margin decreases. For example,
at the same value (Ry = 5€), the magnitude frequency response of AD has a similar
characteristics as the PD. However, the phase frequency response is different in the high
frequency range, the phase margin decreases significantly. The larger the resistor value,
the more the phase margin loses. So the AD with resistor in series to the capacitor can
provide the damping effect, but the system stability becomes worse.

Gop,ads = (420)
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(d) Simplified Equivalent Structure

Figure 4.14: Active Damping using Virtual Resistor in Series to Capacitor of LCL
Filter
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Figure 4.15: Bode Plot of Virtual Damping Resistor in Series to Capacitor

For the active damping with a resistor in parallel with the capacitor, the control
diagram is shown in figure 4.16. Similarly, the dashed line in figure 4.16a represents
the damping component. The term i.(s) represents the sum of currents through the
damping resistor and the capacitor. It is again assumed that the converter side current
reference if(s) = i1(s), so the damping components can be added in the reference, which
is:

ity(s) = 5(s) - Rid - ve(s) (4.21)

where v.(s) indicates the capacitor voltage, and i ,(s) indicates the modified reference
after considering the damping component. The modified control structure is shown in
figure 4.16b. The simplified equivalent structure is shown in figure 4.16c. The block
G1.(s) represents the transfer function from v,y (s) to capacitor voltage v.(s), which is:

U. Ly

Grls) =0 = L0 1 (Ly + Ly)

(4.22)

From the structure shown in figure 4.16¢, the open loop transfer function can be
derived as:
G _ G.(8)Gq(8)Gao(s)
op,adp —
1+ (1/Ry) - G14(5)Ge(s5)Gals)

(4.23)
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where the subscript of G,p qqp indicates open loop of active damping with resistor in
parallel to the capacitor. In order to investigate the effect of the damping resistor value
on the system control performance, the open loop bode plot with different resistances
is shown in figure 4.17. In both cases, AD and PD, the attenuation ratio for both low
and high frequency range is identical to the undamped case, which is also consistent
with 4 of passive damping discussed in section 4.1.3. The resonance peak during active
damping is suppressed in the same way as during passive damping applying the same
resistance. A smaller resistance leads to better damping, but it should be noted that if
the resistance is too small, the system will not be stable.

i ($)+ 8 G.(s) H G,(s) H L

v

G.(s) H G, (s) H Fon

(b) Equivalent Structure with Assuming i1 (s) = i1(s)

i)+ G.0) H G.(5) H o H@H u(®) Hﬁ@,

[

(¢) Simplified Equivalent Structure

Figure 4.16: Active Damping with Virtual Resistor in parallel with the capacitor of
LCL Filter

In conclusion, compared to the AD with the resistor in series to the capacitor, the
parallel damping has some advantages. The damping effect can be implemented without
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compromising the system control performance. Equation 4.21 further indicates that the
modified reference does not contain any differential term which is helpful for digital
implementation. So parallel this active damping method will be adopted in this thesis
for further investigation.
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Figure 4.17: Bode Plot of Damping Resistor in Parallel with Capacitor

4.2 Grid Integration Standards

Renewable energy technologies have vigorously developed all over the world, and wind
power generation has taken an important role in the whole power system. In order to
guarantee stability, reliability and power quality, wind power generation should meet the
requirements for grid connection, so-called grid codes. An overview of grid codes for wind
power integration in different countries around the year 2000 can be found in reference
[93]. Grid codes are very complex documents. The most important requirements from
a wind-farm connection perspective are:

e Voltage and frequency variations
o Active power control and frequency control
e Reactive power control or power factor control and voltage control

o Fault ride-through and reactive current injection
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o Power quality.

4.2.1 Current Status of Grid Code

With increasing penetration of renewable energy, most countries have published their
own grid codes. Regarding the type of renewables, technical regulations are normally
released by the Transmission System Operators (TSOs) or relevant organizations. Table
D.3 shows the latest grid codes for wind power generation in different countries and the
EU. Most countries have already updated the grid codes in the past two years in order
to adapt to the high penetration of wind power generation.

In Germany, the wind power capacity has reached 45 GW, which can supply half of
the electricity consumption (peak 80 GW). The renewable energy has covered 32.5%
percent of power consumption in 2015 [94]. Especially on 23 August, 2015, between 1pm
and 2pm, 83.2 percent of all power demand was covered by renewables. It is therefore
necessary to revise previous regulations to guarantee, that the new power system is
stable. In January 2015, the new grid code, "VDE-AR-N 4120, Technical requirements
for the connection and operation of customer installations to the high voltage network"
(TAB high voltage) was released to replace the Transmission Code 2007 and SDLWindV
2009!. New equipment must meet the new grid code at least after a transition period of
two years, i.e. January 2017. The new grid code has enhanced requirements on the static
voltage control (reactive power control) and dynamic grid support during grid faults.
In addition, also new is a certification process, which can be used to prove and verify
compliance with the requirements. Finally, for the first time, processes and timetables
are defined which clarify responsibilities between all parties involved [95].

In China, the wind power capacity has reached 145 GW, and newly installed capacity
in 2015 is 31 GW, which is almost 50 percent of the new installation in 2015 all over
the world [96]. However, the wind power generation only covers 3.32 percent of the
electricity sector. According to the National Bureau Of Energy in China, the average
operating capacity of wind farms was only 1728 hours, and 33.9 TWh of wind electricity
was curtailed. Based on this, China does not have the same challenge as in Germany
currently. The grid code, "Technical rule for connecting the wind farm to power system"
(GB/GB/T 19963-2011), was released in 2011 and has replaced the previous one, GB/Z
19963-2005. In this version, more advanced requirements are given for the active power
control and voltage control under grid faults, e.g. low voltage ride-through.

4.2.2 Fault Ride-through

When a grid fault happens, according to the Grid Code, wind power plants should
fulfil the Fault Ride-through (FRT) requirements, which contains High Voltage Ride-
through (HVRT) and Low Voltage Ride-through (LVRT). Generally, a grid voltage

1SDLWindV 2009 represents the Ordinance on System Services by Wind Energy Plants (System
Service Ordinance — SDLWindV)
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dip will emerge due to grid faults. The voltage dips depend on the position of grid
faults [97]. The grid faults can be classified into two main categories, symmetrical faults
and unsymmetrical faults [98]. Symmetrical faults are commonly caused by a three
phase short circuit. They are no phase shifts between three phases, and the same grid
voltage drop. Unsymmetrical faults are generally caused by one or two-phase shorted
to ground or to each other. They guarantee an unbalanced grid voltage drop and phase
shifts between the phases.

Figure 4.18 shows the voltage limit of FRT according to the grid connection require-
ments (GCRs) for wind turbine systems published by VDE in 2015 [95]. The black
solid line presents the limit for symmetrical grid faults, i.e. three-phase short circuits.
The wind power plants should not disconnect if the line-to-line voltage is between the
two solid black curves. The grey line presents the limit for unsymmetrical grid faults.
For constructional reasons, power generating plants shall not disconnect from the grid
during a single-phase fault, which is not considered here [95]. During a grid fault, the
grid side converter has to inject reactive current to support the grid. Figure 4.19 shows
the relation between the voltage variation and required reactive current. The additional
reactive current Aipg shall be proportional to the voltage deviation Au (Aig = k- Au),
where k is the amplification factor.

Normally the system control algorithms consist of two parts, normal operation and
grid fault operation. At normal operation, the Maximum Power Point Tracking (MPPT)
method is adopted for the generator side converter to extract the maximum power from
the wind turbine, e.g., [71,99]. The generator speed reference is given by MPPT method.
The outer control loop is the speed loop, and the inner loop is the current loop. For the
grid side converter, voltage oriented control is used [100]. DC link voltage reference is
set previously. The outer control loop is the dc voltage loop. During normal operation,
reactive power injected to the grid equals zero. At grid fault operation, the MPPT
control module will be disabled. Active power and reactive power references should be
set according to the grid code. The system control algorithm is described in Figure
5.7. When grid voltage dips occur, the grid side converter should be controlled to inject
reactive current, which will help the grid voltage to recover. Many investigations have
been conducted to how to control the wind power system converter to meet the grid
codes under grid faults [16,101,102].

4.2.3 Suggestions on Grid Code Modifications

With the development of renewables, the power system will definitely change. New
grid codes and relevant analysis and control methodology have to be created. Here the
Virtual Synchronous Generator Concept is discussed for the future grid code.

With increasing renewable power generation, the traditional synchronous generator
(SG) disappears from the power system gradually, and power converters take a more
important role. As a result, system inertia and damping are becoming weak, since the
power converter does not contain physical inertia as a SG. As is well known, the two
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Figure 4.18: Voltage Limit Curve of Fault Ride-through (FRT) Requirement for
Wind Turbine [95]

characteristics, inertia and damping from traditional SG play a crucial role in the power
system regarding stability. Actually, in the grid code from Spain, 'Technical Require-
ments For Wind Power and Photovoltaic Installations and Any Generating Facilities
Whose Technology Does Not Consist on A Synchronous Generator Directly Connected
to The Grid’, inertia emulation has already been mentioned [61,103]. A PD controller
is used for inertia emulation. The control structure is shown in figure 4.20, where A f is
the frequency variation as input, and APy is the active power variation as output. The
gain Ky should be adjustable from zero to 15 seconds, and with the speed of derivative
response that at least the AP = 0.05PU should be increased in 50 ms. In order to
inject or absorb active power up to 10% of the nominal apparent power at least for 2s,
the facility must have its own energy storage system. The detailed requirements can
be found in reference [103]. It is further recommended that the power generation unit
should have the ability to damp or reduce the power oscillations for frequencies between
0.15 and 2Hz [103].

It can be found that the trend is artificially to create these two characteristics, inertia
and damping, which are gradually decreasing with the development of renewables in the
power system. This concept is called Virtual Synchronous Generator (VSG) and was
first mentioned in the VSYNC project. It started in October 2007 under the 6t* EU
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Research Framework Program [104]. A virtual inertia can be implemented using short
term energy storage and a power converter with a proper control algorithm [26]. A
simple diagram of the VSG is shown in figure 4.21. It can be noted that the only
external part compared to the traditional structure is the energy storage, which is used
for absorbing or injecting active power to the grid for short time.

4.3 Loss Analysis and Temperature Estimation

For evaluation of a wind turbine performance, besides stability and power quality, sys-
tem efficiency is another important aspect. The power converter is an important part,
which contributes to the losses. The semiconductor losses are the main part, containing
conduction losses and switching losses.

The losses depend on the junction temperature. The switching frequency and the
output power are limited by the thermal constraints [74,105]. So the junction temper-
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Figure 4.21: Virtual Synchronous Generator Concept

ature is a very important parameter, in general it can affect:

1. The maximum switching frequency and system losses
2. The reliability and lifetime

3. The cooling system design

A more detailed analysis on conduction losses, switching losses and the temperature
estimation can be found in appendix C.

4.4 Summary

This chapter describes the evaluation aspects for the wind turbine system, which in-
cludes stability analysis, power quality and loss analysis. Stability is a prerequisite and
the most important issue. Since an LCL filter is used, the system current feedback has
two possibilities, grid side current feedback and converter side current feedback. The
stability analysis for both cases is conducted. For the LCL filter, both active damping
and passive damping methods are analysed. In order to comply with the grid code, a
latest grid code collection is made for countries or areas with high penetration of re-
newables. The new requirements are highlighted, e.g. fault ride-through and reactive
power injection.
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Part 111

Grid Converter Control
Strategies

In the third part of the Ph.D. thesis, the grid converter control strategies are presented.
This part includes three chapters. Chapter 5, state of the art grid converter control,
describes the basic voltage orientated control for the grid converter of wind turbines. A
second state of the art control, the direct power control (DPC) which is used in drive
applications is developed and optimized for the grid converter. In order to improve
the overall performance, e.g. converter efficiency, power quality and LVRT ability, a
new control algorithm should be developed. Chapter 6, model predictive direct control,
discusses the model based predictive direct control. Besides the single step prediction, a
multiple steps prediction is proposed for the grid converter control to realize low switching
frequency for loss reduction. The multiple steps model predictive control can achieve
around 500 Hz while complying with the grid code on harmonics. In Chapter 7, a
novel nonlinear Lyapunov based controller is presented, so called backstepping control.
It can handle unsymmetrical grid faults with excellent performance. At the same time,
backstepping control has a very good robustness considering uncertainties and parameter
mismatch.

5 State of the Art Grid Converter Control

The inner current control is the core control, which takes a very important role for
the control performance. In this chapter, the state of the art current control algorithm
for grid connected converters is presented. Derived from direct torque control (DTC),
the direct power control has been researched in many literatures, which is developed
and improved with improved switching table adopted for the grid converter control
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application.

5.1 Historical Overview of Grid Converter Control

The objective of power converter control is to supply the voltages, currents or frequency
needed for the loads and to comply with the requirements in terms of dynamic and
steady state performance from the respective standards and load demands. Pulse Width
Modulation is the basic technique for modern converter control, which was first used in
1964 [106]. Later in 1968 and 1972, indirect and direct vector control were invented by
K. Hasse and F. Blaschke, respectively [107,108]. The vector control has been consid-
ered as one immortal invention for electrical drives, which is the fundamental to modern
converter control and three-phase motor control. For grid converter control, the vector
control is adapted as voltage oriented control (VOC). It will be briefly described in the
next subsection. The classification of converter control algorithms is shown in figure 5.1,
where they are categorized in four groups. Compared to other advanced control, e.g.,
sliding mode, fuzzy logic, etc., predictive control has been paid much more attention
especially in power electronics due to the development of fast computation devices. It is
the only one advanced control methodology which has made a significant impact on in-
dustrial control, e.g., process industry. Considering that the predictive control has many
variations, it is classified as an own group here. The first two groups can be considered
as classical control methods. Actually, the hysteresis control-direct current control is
the simplest current regulation scheme, which was used for electrical drives in the late
70s [109]. Tt contains three independent two level hysteresis controllers for three phase
current control, and is directly implemented in abc frame. Reference [110] presents the
comparison of hysteresis, ramp comparison and predictive control in 1985. A general re-
view of current regulation methods of PWM inverters are presented in 1993 [111], which
includes on-off hysteresis regulator, linear regulator and predictive regulator. In 1998,
the comparison of current control techniques for active filter applications is described
in reference [112].

Direct torque control (DTC) was first published by Isao Takahashi and Toshihiko
Noguchi in 1984 [113]. Later in 1986, a similar idea so-called direct self control (DSC)
was patented by Manfred Depenbrock [114]. In the same year, Takahashi and Noguchi
also published DTC in IEEE Transaction on Industry Application [115]. Another con-
trol method, direct power control (DPC) derived from DTC is often used for power
converters in the power grid. It was first introduced by T. Ohnishi in 1991 [116]. DPC
and its improvement will be discussed in section 5.3.

More historical background can be found in reference [117]. Finite control set (FCS)
MPC is one branch of predictive control, which uses the discrete model of load and
converter to predict the future switch vector to minimize a defined cost function without
modulation. Reference [118] presented this idea in 2004. Generalized predictive control
(GPC) differs from FCS-MPC, which allows solution of the optimization analytically



Chapter 5. State of the Art Grid Converter Control 63

Converter control

algorithms
|
[ [ [ |
Linear Control Hysteresis Control Predictive Control Advanced Control
|
PI-based Control Direct Current Deadbeat Control Sliding Mode
Control Control
Voltage Oriented Direct Power Generalized | | Backstepping
Control Control Predictive Control Control
Field Oriented Direct Torque Model Predictive || Fuzzy logic
Control Control Control Control
Neural Network
Control

Figure 5.1: Power Converter Control Algorithms Classification

when the system is linear and no constraints and a modulation is needed for most
GPC [119]. MPC will be investigated in Chapter 6.

For the unconventional control methods, due to the complexities, most of them
are not paid much attention in real industrial application. However, with the power
system becoming more complex with unknown parameters or more uncertainties, these
methods may take more important role in the future due to their remarkable properties
of robustness, accuracy and easy tuning. The basic principles of sliding mode control
(SMC) can be found in several references [120-123]. In order to move a step further
in the advanced control for power converter control, the backstepping control will be
described in Chapter 7.

5.2 Voltage Oriented Control

As described in the previous subsection, voltage oriented control is derived from field
oriented control. It has been invented and developed for almost fifty years. Nowadays,
VOC is used in industrial power converter control. It is definitely the state of the art
method and dominates the market for three phase grid converter control. The basic
idea is to control the current in a rotating dq frame with a PI controller. The VOC
control diagram for the three-level NPC converter with LCL-filter is shown in figure 5.2,
where Vg4, Vgp, Vge are the three phase grid voltages, and 44, ¢gp, 7. are the three phase
grid side currents. 414,%1p, %1 are the three phase converter side currents. The current
feedback can be implemented with either converter side current or grid side current. It
has been proved that converter side current feedback (CSCF) is better than grid side
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Figure 5.2: Voltage Oriented Control for Grid Converter with LCL-filter

current feedback (GSCF) regarding stability in section 4.1. So here CSCF will be used
for the current control loop. The control structure contains two loops. The outer loop
is the DC voltage loop, and the inner is the current loop. The grid voltage angle is
obtained through a phase locked loop (PLL). The essence of VOC is to let the grid
voltage vector align the d-axis so that its components in g-axis are zero. According to
the instantaneous power theory, the active power and reactive power of the system can
be calculated as:

p = 5 (vgaiga + Vgqigq)
(5.1)

q = 5(vgqiga — Vgdigq)
where vyq, V44 and 444,14, are the three phase grid voltage and grid current in dq frame.
Assuming that the three phase grid voltage is balanced and the d-axis is aligned with
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Figure 5.3: DC link Voltage Control Loop
the grid voltage vector, vy, = 0, equation 5.1 can be simplified as:
b= %Ugdigd
(5.2)

9= *%Ugdigq

where the active power and reactive power can be controlled by the d- and g-axis grid
current. Since the converter side current is controlled, in order to achieve unity power
factor, the g-axis component reference ij, should not be set to zero. For LCL-filter
capacitor reactive power compensation, Q). = 71.5v§dw1 C¢, where the w; represents the
fundamental angular frequency. So the g-axis component reference ij, = —2Q./(3vga).
In figure 5.2, assuming that the previously injected current is #;,(t), ixp =~ 0 and
neglecting losses, since Cy.dvg./dt = i, and ig. = i;n — i¢, it can be achieved:

D = Vdclde = §Ugd7;gd (53)
. 3'Ugdigd

_ = SVgdled 5.4

fe = = (5.4)

where Cy. is the dc-link capacitor, Cy. = 0.5C.

Assuming that vg. = Vy. in the steady state, the voltage control loop can be obtained
according to figure 5.3. G, .(s) represents the voltage controller, which can be a classical
PT control. Here it can be expressed as:

Goe(s) = Fpu(1 + —) (5.5)
TyS

kpy is the proportional parameter and 7, is the integral time constant. G, ;(s) represents
the current control closed-loop transfer function, according to equation 4.11. The PI
controller for current control is designed according to the modulus optimum method. So
the kp; = Ly /(3T5), s = Ly /Ry (see equation 4.6). T is the sampling time. According
to the current open loop and close loop transfer function with assuming T < 7;, G (s)
can be derived as:
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1

Getls) = 13375

(5.6)

Assuming that V. ~ \/gvgd (the DC link voltage cannot be lower than this value in
order to allow current controllability [61], for SPWM, Vg, &~ 2v44), the voltage control
open loop transfer function can be obtained as:

B \/gk’pv(rvs +1)
 27,C4052(3Tss + 1)

Gov<5> (5'7>

The PI controller can be tuned following the symmetrical optimum method [61,124].
The controller’s parameters are:

kpy = 2\/C§d;T‘
) (5.8)
Ty = 30T,
where 1+ y
cos

where 1 represents the phase margin at the crossover frequency of the open loop transfer
function. The crossover frequency w. = 1/(3aT5s). If the phase margin is given by 45°,
the parameter a = 2.4, kp, = 0.12Cy4./Ts and 7, = 17.28T [125]. The bandwidth can

be estimated as:
We 1 N 1 fs

Jow ™ 5 = GraTs = 50T, 50

where f; represents the system sampling frequency.

(5.10)

5.3 Direct Power Control

Besides the voltage oriented control, another feasible method is Direct Power Control
(DPC), which is derived from direct torque control [126]. DTC has been extensively used
by ABB in their commercial MV drives, e.g., ACS880. Like DTC, DPC has no internal
current loop. Based on a switching table, DPC uses an instantaneous voltage vector
to control active and reactive power directly. Reference [127] gives an experimental
comparison of VOC and DPC techniques for two-level converters, whereas reference [128]
compares virtual flux DPC and VOC for two level converters based on simulations.
Several references have investigated DPC control with the NPC controlled as a rectifier
[129-131].

The control structure is given in figure 5.4. It mainly consists of an instantaneous
active power and reactive power estimation, the hysteresis controller and a switching
table. Compared to VOC control, there is no current loop, and no dg-transformation
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Figure 5.4: Direct Power Control for Grid Converter with LCL-filter

to the synchronous rotating reference frame (SRF'), which saves calculation resources.
The detailed design for the hysteresis controller will be discussed in the following sub-
sections. In order to improve the performance, a modified switching table considering
the switching transitions and reactive power control is also described.

5.3.1 Hysteresis Controller Design

Hysteresis control is nonlinear, but easy to implement. Generally, the hysteresis con-
troller has only two states to adjust the controlled variables. According to [126], the
outputs dp, dg of the hysteresis controller are defined as follows, which are also depicted

in figure 5.5.
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1 Pref — P> HP

dpky =1 dpk-1) —Hp < Py—P<Hp (5.11)
0 Pref —-P< —Hp
1 Qrsf - Q > HQ

douwy = § dow-1) —Hq < Qref —Q < Hq (5.12)
0 QTef - Q < —HQ

Here k£ and k — 1 represent the time instant. With the active and reactive power
references Prcf, Qref, the estimated active power P and reactive power Q, and the
hysteresis bands Hp, Hg, one can determine the outputs dp, dg. The relation between
the hysteresis controller’s output and the desired variation of active and reactive power
is shown in table 5.1. A change of the switching states occurs, if the estimated power
is above or below the reference value plus/minus the hysteresis band. If between two
sampling instances k the power stays within the boundaries, the output will not change.

For low frequencies the LCL-filter can be approximated by an L-filter, so the instan-
taneous active and reactive power can be estimated as [132]:

P = 2(vgaita + vgpirp)
(5.13)

q = 3(vgpi1a — Vgai1p)
where i1, and i, are the alpha-beta components of converter side current. Similar to
VOC, in order to achieve unity power factor, the reactive power of the LCL-filter has

to be compensated. Here, the reactive power reference is Q. = —1.5v§dw1C’f.
A d, Ad o
 / A A
—H, 0 H, B,-P —H, 0 Hy Qy-0

(a) Hysteresis Controller of Active Power  (b) Hysteresis Controller of Reactive Power

Figure 5.5: Hysteresis Controller of Active and Reactive Power
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Table 5.1: States of the Hysteresis Controller and Desired Power [133]

dp dg Index Desired effect on Desired effect on

active power reactive power
0 0 0 (decrease) (decrease).
0 1 1 (decrease) (increase)?t
1 0 2 (increase)t (decrease).,
1 1 3 (increase) T (increase)?t

5.3.2 Conventional Switching Table

The topology of a three-level NPC converter connected to the grid through an L filter
is depicted in figure 3.3. According to the KCL and KVL, it can be obtained:

di

Ll% + Ryt = Vinv,k — Ugk, k=a, b, c (514)
dvdc . 1 .

Cch = Udc — Ude (k_azb "Uinmk : Zlk) (515)

Based on equations 5.14 and 5.15, neglecting the parasitic resistance and assuming
that the difference between grid voltage and inverter voltage is constant during the
sampling time step Ts, the converter model can be simplified to equation 5.16. Here,
i1, T ino and 79 are the grid current space vector, inverter voltage vector and grid
voltage vector. Transformed into SRF, equation 5.1 and equation 5.2 show that d-
and g-axis components of the current determine the active and reactive power, if the
g-component of the grid voltage v, is zero. The projections of A4; upon the rotating
reference frame determine the d- and g-axis components of the grid current change,
which therefore define the variation of AP and AQ as shown in 5.17.

L U S g (5.16)

1 dt ~ inuv g 11 ~ L] mnuv g) — L1 .
APO(Aid (5 17)
AQ x —Ai, '

Since the space vectors Ai—f and AT are collinear according to equation 5.16, the
projections of vector ATV upon the d-g-axes have the same effect on the active and
reactive power as Ai_1>.

Figure 5.6 exemplarily shows the different converter voltage vectors and their effects
on active and reactive power in case the grid voltage vector is in sector #;. In figure
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Figure 5.6: Desired variation of active and reactive power selecting Vi, Via, Vaq, Vs
when Vg is in sector 6,

5.6a, the voltage vector Vi (+,—, —) is selected. For this inverter voltage vector, the
projection upon the d-axis is positive, while the projection upon the g-axis is negative.
Hence, vector V; will force both active and reactive power to increase. In figure 5.6b,
the medium voltage vector Vi is selected. This time, both, the projections of AT
upon the d-axis and the g-axis are positive. Consequently, the medium voltage vector
V1o forces the active power to increase and the reactive power to decrease. According to
this rule, a fundamental switching table (see table 5.2) without using the small vectors
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(Vo1 ~ Vo) has been derived in reference [134]. It should be noted that this switching
table is not optimized for the minimization of switching actions. Switching table 5.2 can
be also called fast-switching-table. It should be noted that d- and g- axis components
are only used to develop the switching table, but are not used in the DPC control itself.

Table 5.2: Fundamental Switching Table for Three-level Converter (ST1)

dp dQ Index 91 92 93 94 95 96 07 98 99 910 011 912

0 0 Vaa Voo Vs Vs Ve Vo Voo Vi Vs Vo Vo V3
1 1 Vs Vase Vo Ve Vi Via Vo Vaz Vg Vau Vi Vys
0 2 Vie Vo Vaz V3 Vi Vi Vi Vs Vs Vo Ve Wi
1 3 Vi Ve Vo Vo3 Va3 Vo Vi Vi Vs Vse Vo Ve

—= =0 O

In order to balance the neutral point voltage, a modified switching table using the
low voltage vectors is derived, see table 5.3. Only the six low voltage vectors (V1-Voe)
and the six medium voltage vectors (V12-Vg1) can influence the neutral point voltage,
with each low voltage vector having two switching possibilities. The basic idea is to
calculate the neutral point current iy p (see figure 5.4) choosing one of the low voltage
vectors and the voltage error Avg. between vg.; and vge.o. Then, according to the sign
of ixyp and Awvge, it is decided to apply the chosen low voltage vector or to select the
other one.

Table 5.3: Switching Table with Neutral Point Voltage Control (ST2)

dp dQ Index 91 92 93 94 95 96 97 98 99 910 911 912

0 0 Voo Voo Voz Vos Vou Vou Vos Vos Vo Voe Vor  Vou
1 1 Vor Vor Voo Voo Vo3 Vo3 Voo Vou Vos Vos Vos Vo
0 2 Vie Vo Vag V3 Vau Vi Vis Vs Vs Vo Ve Wi
1 3 Vi Vi Vo Vo3 Vi3 Ve Vi Vs Vs Vse Vo Ve

_= =0 0

Since the switching frequency of DPC is not constant, in order to compare this
control scheme with VOC, an equivalent switching frequency is introduced to achieve
comparable switch load for the semiconductors. VOC of the NPC converter is based on
a PWM scheme where the outer IGBTs switch with a regular pattern. The switching
frequency is fixed. However, for DPC, the IGBT turning on and off has no regular
pattern, since it depends on the switching table. The equivalent switching frequency is
calculated by equation 5.18. Here T; is the fundamental grid period, which is 0.02s.
The number of the pulses N,yses can be influenced by the hysteresis controller bands
and system sampling frequency.
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Npulses _ Npulses (518)

Tsw = .  0.02s

5.3.3 Improved Switching Table

By employing the switching table 5.3, the switching transitions are reduced significantly.
It means that unnecessary switching actions are eliminated, which decreases the average
switching frequency. However, the reactive power control performance has a ripple
in some operation points due to the limited voltage vector candidates. This can be
improved either by multi-level hysteresis controller or dividing the a3 plane into more
sectors. In order to improve the reactive power control performance, a switching table
with 24 sectors is derived shown in table 5.4. The simulation verification of the modified
switching table is shown in figure 5.21. It can be found that the reactive power has a
smaller ripple in figure 5.21d (ST3) compared to figure 5.20d (ST2).

Table 5.4: Improved Switching Table with Neutral Point Voltage Control (STS3)

dp dQ Index 91 92 93 94 05 96 97 08 99 910 911 912

0 0 Voo Voo Voo Vo3 Vos Vo Voz Voo Voo Vou Voo Vos
1 1 Voo Voo Voo Vor Voo Voo Vo2 Voo Voz Vo3 Vos  Vos
0 2 Vie Vi Vo Va3 Vag Vo3 Vi Vay Vay Vi Vi Vi
1 3 Vi Vi Vig Vig Vo Voz Vag Voz Vi Vay Vay Vay

dp dQ Index 613 014 615 016 017 bhig Org O 021 0O o3 Oy

0 0 Vos- Vos Vos Vo Vos Vos Voo Vor Vor Vor Vor Voo
1 1 Vou Vou Vou Vou Vos Vos Vos Vos Vos Voe  Vos  Vos
0 2 Vis Vis Vs Vae Vee Vae Vo Vo1 Vo1 Ver Vi Via
1 3 Vi Vs Vs Vs Vs Vsg Vae Voe Vo Vo1 Vo1 Ve

5.4 VOC Results

The principle control scheme is shown in figure 5.2, which mainly consists of a PLL, PI
decoupled controllers for the grid current’s d- and g-axis component and modulation.
Generally, there is also a voltage loop to control the DC link voltage. Especially for
NPC control, the neutral point voltage control should be also implemented.

5.4.1 Simulation Scenario Design

The main objective of this thesis is to design a proper controller for a medium voltage
wind turbine grid converter application. For this reason, all the simulation results in this
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Figure 5.7: Wind Energy Conversion System Control Strategy under Normal and
Abnormal Operation

Table 5.5: System Parameters

Description Symbol MYV value LV value PU value
Rated DC-link Voltage Vie 6000V 750V 2.227/2.296
DC-link Capacitance Cye 7.631mF  1.175mF  5.214/5.906
Rated Power P 5 MVA 10kVA 1.000
Rated Output Voltage % 3300V 400V 1.225
Grid Current I 874.8 A 14.43A A 0.707
Grid Frequency f 50 Hz 50Hz 1.000
Converter Side Inductance Ly 1.36 mH 8.2mH 0.196/0.161
Converter Side Resistance Ry 6.534 m2 0.05Q 0.003
Grid Side Inductance Lo 0.3mH 7.6mH  0.04/0.149
Grid Side Resistance Rs 6.534 mf? 0.05Q 0.003
Filter Capacitance Cy 628 ukF 23.5uF  0.43/0.118

thesis are achieved for the 5 MVA system. The system parameters used in simulation
are given in the MV value column given in table 5.5, and the PU base values are in
table 3.3. In the following subsections the steady state and the transient performance of
VOC and DPC control under normal and abnormal operation will be presented. Both
operation modes are explained as follows, see also figure 5.7. In order to assess the
converter efficiency and device stress, a thermal analysis is also conducted by PLECS
thermal modelling.
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Figure 5.8: Simulation Model under Study

Normal Operation For normal operation, the generator side converter works in
MPPT mode and the DC-link voltage is controlled by the grid side converter. The
injected active power is decided by the generator and the reactive power injected into
the grid is zero, which means that unity power factor is achieved. Two cases are defined
for controller verification both in steady state and transient.

e Case 1: nominal operation point
e Case 2: active power drops to 0.5 PU and reactive power keeps zero

Since the grid side converter control is focused in this thesis, the generator side is
modelled as controlled current source providing the input power shown in figure 5.8.

Abnormal Operation For abnormal operation, e.g., LVRT, the generator side should
not work in MPPT mode any more and take over the task of DC-link voltage control.
The injected active and reactive power of the grid side converter to the grid will be
decided by the requirement of the grid code. The input source is modelled as constant
voltage source. It should be noted that the neutral point voltage balancing is still
implemented in the grid side controller. In order to verify the performance under LVRT
conditions, two cases with symmetrical grid fault are defined.

e (Case 3: Three-phase grid voltage drops to 0.7 PU

e (Case 4: Three-phase grid voltage drops to 0.5 PU

5.4.2 VOC under Normal Operation

The simulation is conducted with PLECS®. The control parameters of the VOC are
given in table 5.6. The sampling time 7, is 80us. The PI controllers are designed
according to the modulus optimum (MO). Considering anti-windup, the back calculation
coefficient K is set to 1.36 for the MV application. The proportional coeflicient K, =
Ly /Ts, where Ly = Ly + Lo. The integral coefficient K; = K,,/7;, where 7, = Ly /Ry,
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and Ry = Ry + Rs. The damping resistor is kept to the designed value shown in table
3.4.

Table 5.6: VOC Control Parameter

Description Symbol MV value LV value PU value
Sampling Frequency fs 12.5kHz 12.5kHz 2500
Carrier Frequency fe 1.06kHz 1.05kHz 21
Dead Time tq - 21s -
Proportional Coefficient K, 8.95 65.8 -
Integral Coeflicient K; 54.5 400 -
PI Output Saturation Luppers Liower 3000V 375V 1.11/1.15
Anti-Windup K, 1.36 10 -
Damping Resistor Ry 0.196 © 50 0.09/0.31

Steady State Case 1, the steady state performance of VOC at nominal operation
point is shown in figure 5.9. The pure sinusoidal PCC grid voltage without harmonics
is shown in Figure 5.9a, the converter current in figure 5.9b, and its FFT analysis in
figure 5.9c. The harmonics spectrum has specific distribution characteristics. Around
2100 Hz it has obvious sideband harmonics, which is two times of the carrier frequency
for the NPC converter due to the neutral point voltage control. It also can be found
that there are some low order harmonics which is caused by the low carrier frequency.
The corresponding harmonics can be found in the FFT analysis of the three phase
converter side voltage (figure 5.9i). The grid current is shown in figure 5.9d and its
FFT analysis is shown in figure 5.9e. It can be seen that the grid current has very
good steady state performance. Due to the LCL filter, the THD of the grid current
has been decreased to 3.8%, which is well below the requirement of the grid code.
It also can be noted that the high order harmonics around the switching frequency
have been attenuated significantly. Furthermore, the low order harmonics around the
resonance frequency have been increased compared to the converter side current due to
the resonance problem. However, the harmonics amplitude is below 2.5%, which also
complies with the grid code requirements. Since the converter side current is controlled,
its dq components are shown in figure 5.9f. It can be found that both d-axis and g-axis
component are regulated very well. In order to obtain unity power factor on the grid
side, the q-axis component reference is set to non-zero (i, =~ v/2V, ,nwCy). The grid
side active and reactive power are shown in figure 5.9g. Unity power factor is achieved.
However, due to the 5* and 7*" low harmonics in the grid current, the reactive power
has a ripple. The switching frequency of VOC is fixed, which mainly depends on the
modulation carrier frequency. The switches in the NPC converter are only switched in
one half period while kept off in the other half period. So using the average frequency
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Figure 5.9: Voltage Oriented Control under Nominal Operation Point

definition given in equation 5.18, the average frequency of VOC shown in figure 5.9h is
around 633 Hz. The three phase converter side voltage is depicted in figure 5.9i.

Figure 5.10 shows the steady state DC-link voltage during normal operation. The
DC-link voltage is well controlled and the steady state error is 0.1%. In order to get
sufficient DC-link balancing, the hysteresis band for the neutral point control is set to
1% of half the DC-link voltage, i.e., 3000V x 1% = 30V. Figure 5.10b shows the error
of vge1 — vge2 is well controlled. Correspondingly, the variations of upper and lower
capacitor voltage (vge1 and vgeo) are limited within 0.5% of half the DC-link voltage,
i.e., 3000V x 0.5% = 15V, which is show in figure 5.10c.

Transient The transient performance is an important aspect of a controller. Case
2, active power drops to 0.5 PU and reactive power keeps zero is investigated, and the
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Figure 5.10: DC-link Voltage Performance of VOC under Nominal Operation Point

results are summarized in figure 5.11. The three phase converter side current as shown
in figure 5.11a is well regulated in different operation points. At time 0.7s, the d-axis
current reference 44 is set to 0.5 and the g-axis current reference is kept unchanged. It
can be seen clearly in figure 5.11c that the d-axis component has a step at 0.7 s and the
g-axis component remains the same. Due to the decoupling term in the VOC current
controller, the d- and g-axis components can be controlled independently. The three
phase grid current is shown in figure 5.11b. The transient process is well regulated. Due
to the lower current reference, the steady state current becomes a bit worse than the
nominal operation point. The grid side active power and reactive power are shown in
figure 5.11d. The rising time of grid side active power is around 4.3 ms. The DC-link
tracking performance is shown in figure 5.11e. There is around 1.6% undershoot and
around 23 ms rising time. The capacitor voltage difference is shown in figure 5.11f. It
can be found that the DC-link capacitor voltage difference is well controlled within 1%
of half DC-link voltage.

5.4.3 VOC under Abnormal Operation

Case 3, three-phase grid voltage dropping to 0.7 PU is defined to verify the fault-handling
of the controller. According to the Voltage Support Curve of the Fault Ride-through
(FRT) Requirement for Wind Turbines (figure 4.19), 60 percent of the rated current
should be injected to the grid as reactive current. The active power injected to the grid
should depend on the generated power by the wind turbines. In the worst case, the
pitch control of the wind turbine does not have enough time to be activated, so as much
active power as possible should be injected as much as possible. In order to avoid over
current, active current should comply with:

idref < AJIf =02 o (5.19)

where [ is the base current, iq .. is the required reactive current calculated through
the grid voltage dip, and iges is the injected active current. For VOC control, the
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active power and reactive power can be calculated by equation 5.2. For case 3, the
active power P, and reactive power Q:ﬁef should be 0.56 PU and 0.42 PU.

The simulation results are given in figure 5.12. The grid voltage drops to 0.7 PU at
0.66's, see figure 5.12a. According to the grid code, the grid side inverter should inject
0.6 PU reactive current to support the grid. In the worst case, the active current should
be the maximum value 0.8 PU. The converter side current tracking is shown in figure
5.12d. It is clear that the active current reference iq ..y is set to 0.8 PU and the reactive
current reference iq ey is set from 0.43PU to —0.3PU in order to inject the required
reactive current and compensate the capacitor reactive power. The rising time of the
iq response is 0.2ms and for the i, response is 0.87 ms. Figure 5.12e shows the injected
active and reactive power to the grid. Due to the existing capacitor, the grid side has a
slower response compared to the converter side. Considering the dynamic performance
of active power, the rising time is 1.2ms and the settle time is 8.4 ms. The overshoot
of grid side active power is 46%. For reactive power, the rising time is around 0.7 ms,
and the overshoot is around 40%. The average switching frequency in LVRT case 3 is
around 634 Hz, which is almost the same as in the normal operation. The neutral point
control does not generate more switching actions during the LVRT operation mode.

5.4.4 VOC Thermal Analysis

The basics of loss calculation and temperature estimation has been presented in the
previous section 4.3. In order to compare fairly and focus on the analysis of the grid
side current controller performance, a constant dc-link voltage is considered, and only
the current loop is analysed. It should be noted that the neutral point voltage balancing
control is still implemented in the grid side converter.

Loss Analysis The loss analysis is conducted under two conditions, first at different
operation points and second with different switching frequencies at nominal operation
point in order to achieve comparable conditions with the DPC method, which is pre-
sented in subsection 5.6.

For the first type, the loss distribution of the power switching devices for different
wind speeds, and for LVRT is shown in figure 5.13. Aside from the nominal operation
point, two normal operation points with wind speed at 10ms~! and 8ms~! are also
investigated. Especially 10ms™! is the annual average offshore wind speed investigated.
In order to analysis the loss distribution during LVRT, the LVRT case with 0.3PU
voltage drop is designed. Figure 5.13a shows the loss distribution for semiconductors in
one arm at nominal operation. It can be clearly seen that the outer IGBT T3 generates
most losses stress among all the components. The inverse diodes of the IGBTs are
less stressed, especially the inner IGBT’s inverse diodes. With decreasing the active
power injection, the total losses are becoming smaller. The switching losses of the outer
IGBTs are decreased significantly, which can be seen from figure 5.13a, 5.13b and 5.13c.
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Figure 5.13: Losses Analysis under Different Operation Points with VOC

The loss distribution trends to be more balanced. The loss distribution under LVRT
operation is shown in figure 5.13d. It does not change much and the most stressed
device is still the outer IGBT Ty.

Temperature Estimation For large power converters, the semiconductor compo-
nents are usually installed on separate heatsinks, which ensures a good thermal decou-
pling of the devices. For the simulation, the cooling water temperature is assumed as
37 °C [74]. The temperature distribution of the power switching devices for different
operation points are shown in figure 5.14. Corresponding to the loss distribution shown
in figure 5.13, the average junction temperature of the outer IGBT Tj has the highest
value, while the IGBT inverse diodes have relatively low temperatures. With decreasing
active power, the temperature of IGBT T} decreases gradually.

5.4.5 VOC Experimental Results

In order to verify the VOC control, grid connection experiments were conducted with
the low voltage test bench described in subsection 3.6. Mode 2 is used for experimental
verification. The DC-link is powered by a 12-pulse diode rectifier. Due to the voltage
drop at the input transformer, the DC-link can not be maintained at 750 V. For this
reason, the grid voltage is adjusted to around 215V also for the other control schemes
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presented in this thesis. All the system parameters are scaled down with keeping the
PU value as far as possible. The system parameters are summarised in table 5.5, the
control parameters are given in table 5.6. The steady state and transient performance
are discussed as following.

Steady State Figure 5.15 shows the results for the VOC under nominal operation.
The three phase grid voltage is shown in figure 5.15a, which contains the 3"¢ and 5"
order harmonics. The converter current is shown in figure 5.15c. It can be found from
an FFT analysis (figure 5.15d) that the VOC has a very clear harmonics distribution,
which should be distributed at the switching frequency and its multiples. Actually
the carrier frequency is set to 10560 Hz. By employing the LCL filter, the high order
harmonics are greatly attenuated. The three phase grid current is shown in figure 5.15e,
which is slightly distorted at the amplitude due to the 5! order harmonics (see 5.15f).
The converter side current in dq frame is shown in figure 5.15g. The d-axis component
is controlled to its reference value 20.4 A. The g-axis component is controlled to its
reference value 2.4 A to compensate the reactive power of the LCL filter. The converter
side active and reactive power are shown in figure 5.15h. The active power is slightly
smaller than 10 kW due to the lower grid voltage setting, which has been discussed in



82 Part III.  Grid Converter Control Strategies

N

¥ < 20
S 200 T 15 =
g £ g 10
£ E 1 o
0 0
S S 2
k] =y © -10
& -200 g 08 I I I g
5 ol bl (11} al.] 8-20
22 2201 2202 22.08 2204 2205 0 05 1 15 2 22 2201 2202 2203 2204 2205
Time(s) Frequency(kHz) Time(s)
(a) Three Phase Grid Voltage (b) Grid Voltage FFT (¢) Three Phase Converter
(PCC) without Operation Current
g? 20 g° I Current THD=3.2%
S I Current THD=6.3%|| — T a urren =3.2%
g4 1= 10 3
= f=4 =
33 e 33
£ S o0 £
< 2 o < 2
o = -10 2
= = c
g 1 (O] g 1
8, -20 5 oWdilbu - "
0% 1 2 3 4 s 002 001 _ 0 001 002 To 1 2 3 4 5
Frequency(kHz) Time(s) Frequency(kHz)
(d) Converter Current FFT (e) Three Phase Grid (f) Grid Current FFT
Analysis Current Analysis
z 10°
<30 =15 PR
z g
£ S 10
o L A e T T i VL A T T VL
© 3 %”.;
3 25 EE
5 10 5 =
5 T ol ok i 1
> L bt L it LA LAl ol LA Lo LUl LA L g
z I A A A YA A S
o UM AR b AN bt A (MO AARL Lo S i ki S 5 0
© 22 2201 2202 2208 2204 2205 22 2201 2202 2203 2204 2205 22 2201 2202 2203 2204 2205
Time(s) Time(s) Time(s)
(g) Converter Side Current  (h) Converter Side Active (i) Processor Calculation
in DQ Frame and Reactive Power Time
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Figure 5.16: Ezxperimental DC-link Voltage measurement of VOC at 10 kW

subsection 5.5.4. Figure 5.15i shows the calculation time of the main routine, which is
around 11ps. The DC-link voltage is shown in figure 5.16. Due to the voltage drop of
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the input transformer, the DC-link voltage has dropped to 700 V. The neutral point
voltage is maintained in the range of 5.7% of half the DC-link voltage.

Transient The results for the dynamic performance of the VOC method are shown in
figure 5.17. Active power steps from 2 to 5kW and from 10 to 5 kW are conducted while
the reactive power is kept constant. Figure 5.17b shows the changes of active power
is from 2 to 5kW. The rising time is around 2.3 ms. Due to the decoupling term, the
d-axis and g-axis components are controlled separately. For the active power step from
10 to 5kW, the falling time is around 1.8 ms.

5.5 DPC Results
5.5.1 DPC under Normal Operation

The nominal operation point is first selected for the DPC control validation. Since the
hysteresis controller is adopted for DPC, a higher sampling frequency is necessary to
obtain a sufficient response. The average switching frequency depends on the sampling
frequency and hysteresis controller bands. The sampling frequency is set at 125 kHz.
In order to limit the switching frequency below 1kHz, the hysteresis bands both Hp
and Hg for active and reactive power are set to 375kW(PU=0.075). Considering the
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state of art technology, for simplicity and comparison with VOC, the passive damping is
adopted for the resonance damping. Here a damping resistor is selected as Ry = 0.87€)
(PU =0.4).

Steady State Case 1, nominal operation is set for DPC control validation. The
control structure has been discussed in previous subsection 5.3, figure 5.4. Figure 5.18
shows the steady state performance of DPC under nominal operation. The three phase
grid voltage (PCC) in figure 5.18a has no distortion. The converter side current is
shown in figure 5.18b. It can be noted that even without internal current loop, the
converter side current is still well controlled. The FFT analysis of the converter side
current is shown in figure 5.18c. It is obvious that the spectrum has not harmonics of a
specific order as the VOC method, but it distributes around the frequency bands. The
total harmonics distortion (THD) is 6.3%. However, it can be seen that the maximum
amplitude range is located around 1kHz with the amplitude 2.4%. Similar to the VOC
method, harmonics exist around the sidebands of switching frequency and multiples,
so it can be concluded that the average frequency of DPC under the given condition
should be around 1 kHz. This is proved through figure 5.18h where the average switching
frequency is 932 Hz. The three phase grid side current is shown in figure 5.18d. After
the LCL filter, the high order harmonics are attenuated greatly. It can be seen from the
FFT analysis that the high order harmonics, especially above the 13" order harmonics,
are suppressed and attenuated effectively. Due to the existing of 5" and 7" order
harmonics in the converter side current, even though the resonance issue is definitely
suppressed, the low order harmonics are not well attenuated. Especially the 5! order
harmonic is amplified from 2.1% to 2.9%. However, the THD of the grid side current
is 4.8%, which is below the grid code requirement (5%) (IEEE519). For individual
order harmonics both odd and even, the spectrum also complies with the grid code
requirement according to figure 3.10. The low order harmonics suppression can be solved
with a selective individual order filter or general suppression methods. The latter will
be discussed in Chapter 7. The active power and reactive power of the converter are
directly controlled using the hysteresis controller. They are kept within their limits.
It can be seen in Figure 5.18f. The reactive power reference is not zero. In order to
obtain a unity power factor on the grid side, reactive power of the capacitor has to be
compensated (Q. ~ =3V ,wC}y). The grid side active and reactive power are shown
in figure 5.18g, which indicates that the unity power factor is achieved successfully.
The converter side voltage is shown in figure 5.18i. Compared to the fastest switching
table (5.2), the switching table (5.3) can reduce unnecessary switching transitions. The
switching transitions directly changing in between positive and negative half of the
DC-link voltage have been largely eliminated, which reduces the voltage stress of the
switches.

During normal operation, the grid side converter should be in charge of the DC-link
voltage control, while the generator side works in MPPT mode. Figure 5.19 shows the
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Figure 5.18: Direct Power Control under Nominal Operation Point

steady state performance of the DC-link voltage. The voltage reference is set to 6000 V.
It can be found that the DC-link voltage is well controlled and the steady state error is
0.3%. Since the three-level NPC converter is used, the neutral point voltage balancing is
an important task. In order to get sufficient DC-link balancing and limit the switching
frequency as low as possible, the hysteresis band for the neutral point control is set to
5% of half the DC-link voltage, i.e., 3000V x 5% = 150 V. Figure 5.19b shows the error
( Vde1 — Vde2) is well controlled. Correspondingly, the variations of upper and lower
capacitor voltage (vge1 and vgeo) are limited within 2.5% of half the DC-link voltage,
i.e., 3000V x 2.5% = 75V, which is shown in figure 5.19c.

Transient In order to test the DPC under different operation conditions, case 2, active
power dropping to 0.5PU and reactive power keeping zero is analysed for transient
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Figure 5.19: DC-link Voltage Control of DPC during Nominal Operation

control verification.

The simulation results are shown in figure 5.20. At 0.7 s, the active power reference
drops to 0.5 PU. It can be seen that the converter side current response (5.20a) is very
fast and well regulated. The active and reactive power response are shown in figure 5.20c.
Both active and reactive power are controlled well in the hysteresis bands (PU=0.075).
Since the active power reference is given by the output of the voltage loop, which is not
a regular step change, it is not easy to find the rising time of the active power. The grid
current response given in figure 5.20b is slower than the converter current dynamics.
The grid side active and reactive power are shown in figure 5.20d. The settling time
to 5% error band is around 0.018 s, which is caused not only by the large capacitor of
the filter, but also the voltage loop. The DC-link voltage tracking is shown in figure
5.20e. It can be found that there is around 1.8% overshoot and the rising time is around
0.012s, which are reasonable for the voltage loop. Generally, the outer loop should be
ten times slower than the internal loop. During the dynamic process, the neutral point
voltage is well controlled in the band of 5% of half the DC-link voltage.

It should be noted that the reactive power has large variations compared to the active
power by employing ST2 in nominal operation, which is analysed in subsection 5.3.3.
The reactive power exceeds its boundaries some times (figure 5.20c), which produces the
variations in the grid side reactive power (figure 5.20d). By using the improved switching
table ST3, this problem can be solved. The case 2 with ST3 is shown in figure 5.21.
However, the switching frequency has been increased slightly under the same conditions
compared to ST2, which is 1156 Hz (>932 Hz with ST2 in nominal operation).

5.5.2 DPC under Abnormal Operation

As calculated in subsection 5.4.3, the injected active power Pr*ef and reactive power

rer should be 0.56 PU and 0.42PU. The results of case 3 are shown in figure 5.22.
The grid voltage drops to 0.7 PU at 0.660s. In order to reduce the switching frequency
as much as possible, switching table ST2 is adopted for this case. The converter side
active power and reactive power are shown in figure 5.22d. It can be noted that the

active and reactive power are controlled very fast. The rising time for both active and
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Figure 5.20: DPC Case 2 Active Power Drops to 0.5PU and Reactive Power Keeps
Zero with ST2

reactive power references are 0.49ms and 0.76ms. It can be further noted that the
error band is narrower after the grid voltage dip. The reason for this is that in order to
achieve the same current ripple range, the hysteresis controller band has to be reduced
by the factor 6 = Viyre/Viominai- Figure 5.22b shows the converter side current. The
current ripple is in the same range as in normal operation. The grid side current and
power tracking performance are shown in figure 5.22c and 5.22e. Since the maximum
apparent current is adopted, the grid side current amplitude is still one PU value. The
THD in LVRT operation is 2.6%, and the related average switching frequency is around
767Hz. The grid active power has peak drop at 0.660s, which is caused by the grid
voltage drop. The rising time of active and reactive power for grid side are 1.28 ms and
0.86 ms, which is very fast and can support the grid immediately.

Case 4, three-phase grid voltage dropping to 0.5 PU is further investigated. Since
the d-axis of the grid voltage is reduced to half of the nominal voltage, it will cause the
grid voltage vector to be shorter than the low voltage vectors (|Vo1| ~ [Vos| = Vie/3),
ie.,

vga = 0.5Vir - V2/V3 = 1347V < |Vou| = Vige /3 = 2000 V (5.20)

Namely, if the same low voltage vectors from ST2 are still used, they will cause the
wrong power change. For example, when the voltage vector Vj is in sector 6, if the
low voltage vector Vjo is selected for reducing the active power and reactive power, it
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Figure 5.23: DPC Case 4 Three-phase Grid Voltage Drops to 0.5PU

will increase the active power instead, which can be understood by figure 5.6. So for
this reason, the switching table ST1 is used. Since ST1 is a fast switching table, the
switching frequency will be slightly higher than in case 3. In order to limit the switching
frequency, the hysteresis band is reset to the normal value. It can be found that the
active and reactive power error band is larger than in case 3 (figure 5.23d). This will also
cause the converter side current ripple to increase (figure 5.23b). However, the steady
state performance (figure 5.23¢) is not becoming worse. The THD of the grid current
is 1.9%. The rising time of active and reactive power on the converter side are 0.35ms
and 0.29ms, respectively. The grid side power and reactive power are well controlled
indirectly, see figure 5.23e. In the end, the power factor should be zero, since all the
current is injected to the grid as reactive current. Figure 5.23f shows the phase A grid
voltage and current.

5.5.3 DPC Thermal Analysis

Loss Analysis Similar to VOC, the thermal analysis for DPC is also conducted for
two variation types. First, the performance is analysed in different operation points,
which are normal operation with wind speed 12ms™!, 10ms™!, 8ms~! and LVRT
with 0.3PU voltage drop. Second, the performance is analysed for different controller
parameters for nominal operation, which is mainly the hysteresis band parameter.
Figure 5.24a shows the loss distribution for each power semiconductor of one arm of
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Figure 5.2/4: Losses Analysis under Different Operation Points with DPC

the three phase three-level NPC converter at nominal operation point. Similar to VOC,
the uneven distribution exists. The outer IGBT is the most stressed switch, while
the most unstressed devices are the inverter diodes. The neutral diode is moderately
stressed.

The second type of the loss analysis is conducted with changing the hysteresis band
at nominal operation point. The results are shown in table 5.7. It can be found that the
average switching frequency calculated by equation 5.18 decreases when the hysteresis
band increases. In order to limit the losses, the average switching frequency is controlled
to be below 1000 Hz. For example, when the hysteresis band is set to 0.06 for both
active and reactive power controller, the average switching frequency is around 916 Hz.
The THD of the grid side current is around 2.42%. The total converter losses including
conduction losses and switching losses for all semiconductors devices is around 59.58 kW,
so that the efficiency of the converter is 98.81% without filter losses. When the switching
frequency is reduced to 503 Hz, the THD of the grid side current is around 9.66%, which
already exceeds the grid code requirement. It can be concluded that DPC can not
achieve a satisfying grid current quality with the designed LCL filter, which is not
sufficient to damp the harmonics produced by DPC method around 500 Hz. There are
two possible reasons. One is that the LCL filter is designed for space vector modulation,
and the other one is that the DPC method has a wider spectrum with more low-frequency
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Figure 5.25: Loss Distribution under Different Control Parameters at Nominal
Operation Point with DPC

harmonics.

Table 5.7: DPC Control Performance with different Hysteresis Band

Hp, HQ fm THD Pioss n
(PU) | (Hz) | (%) | (kW) | (%)

0.06 916 | 2.42 | 59.58 | 98.81
0.065 812 | 3.70 | 54.28 | 98.91
0.07 789 | 6.45 | 53.43 | 98.93
0.075 738 | 6.81 | 50.86 | 98.98
0.1 578 | 7.39 | 42.04 | 99.16
0.12 503 | 9.66 | 38.23 | 99.24

Additionally, the loss distribution for each semiconductor in one phase arm for the
six different hysteresis control parameters are shown in figure 5.25. There are three
conclusion points. First, the conduction losses of the semiconductors are the same,
which indicates that the conduction losses are mostly decided by the operation point.
Second, the loss distribution of three level NPC with DPC control is unequal as expected
for NPC, and will decrease the overall switch utilization. Third, as also expected the
switching losses decrease with increasing the hysteresis controller band.

Temperature Estimation Similar to VOC, the temperature distribution of the power
switching devices at different operation points with DPC are shown in figure 5.26. Cor-
responding to the loss distribution in figure 5.24, the average junction temperature of
the outer IGBT T has the highest temperature, while the IGBT inverse diodes have
a relatively low temperature. With the active power decreasing, the temperature of
IGBT T decreases gradually. For the LVRT case 4, the average junction temperature
is similar to case 2. The average junction temperature at norminal operation point and
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different control parameters according to table 5.7 is shown in figure 5.27. The max-
imum junction temperature of IGBT 77 appears when the hysteresis controller bands
Hp and Hg are set as 0.06, which is 93 °C and below the maximum junction operating
temperature 125 °C [135].
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5.5.4 DPC Experimental Results

In order to verify the DPC operation, experiments are conducted with the LV test setup
as well. The control parameters are summarized in table 5.8. As discussed previously,
the DPC needs a sufficient high sampling frequency to guarantee its performance. So
for hardware implementation, the hysteresis controller and switching table reading are
implemented in the FPGA for fast sampling time and reducing the CPU calculation
effort. The minimum sampling time of ADCs for the FPGA model in the dSPACE
SCALEXIO system is 500 ns. The sector detection is implemented in the CPU processor
with a sampling time of 40ps. So the system sampling is 25 kHz for the experiments.
2 ps is adopted as the dead time.

Table 5.8: DPC Control Parameter

Description Symbol MYV value LV value PU value
Sampling Frequency fs 125kHz 25 kHz 2500/500
Dead Time tq - 2pus -
Hysteresis Band Hp,Hg 375 kW 500W  0.075/0.05

Damping Resistor Ry 0.87Q 580 0.4/0.31

Steady State The experimental results with ST2 at operation point 5 kW are shown
in figure 5.28. The three phase grid voltage is not an ideal waveform but contains some
low order harmonics. Figure 5.28b shows the FFT analysis of the grid voltage at TU
Berlin. It can be found that there are around 0.8% 5" and 7** order harmonics which
can cause unfavourable control issues especially if an LCL filter with low resonance
frequency is used. The converter side current is indirectly controlled, figure 5.28¢c, and
its FFT analysis is given in figure 5.28d. Due to the variable switching frequency, the
harmonics distribute over a wide frequency range. The three phase grid currents are
shown in figure 5.28¢. From the FFT analysis of the grid current, it can be found that
the high order harmonics are effectively suppressed by the LCL filter. However, it is
obvious that there are 5" and 7¢" order harmonics existing in the grid current, caused by
the nonlinear grid voltage and amplification of these harmonics by the chosen LCL filter.
This can be solved by individual harmonics filter or general harmonic suppression using
Backstepping Control (BSC) (chapter 7). The converter side active and reactive power
are directly controlled (figure 5.28g). Both P and Q are well regulated by the hysteresis
controller. The average frequency is shown in figure 5.28h, which is around 2.1kHz'.
The average frequency is calculated by counting the switching pluses divided by 20 ms.
Since most functional modules are implemented in FGPA, the calculation effort of the

IThe blue lines depict the counting values. Only the maximum values represent the real frequency.
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processor is greatly reduced. The average turnaround time is around 10 ps. The DC-link
voltage is clamped by a 12-pulse diode rectifier and can not be controlled. Figure 5.29
shows the DC-link voltage, which drops to 720V due to the input transformer voltage
drop. The neutral point voltage is controlled in the error range 5% of half the DC-link
voltage.
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Figure 5.28: Experimental Results of DPC at 5 kW

Transient In order to verify the dynamic performance of DPC, several different steps
are conducted. Figure 5.30 shows the system response for an active power step from 2 to
5kW and from 5 to 1kW. Both cases are controlled very fast. Figure 5.30b shows that
the active and reactive power are decoupled. The active power rising time is around
1.8 ms. When the active power becomes large, the reactive power control performance
declines, which is already discussed in subsection 5.3.3. With the current increase, the
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Figure 5.30: Experimental Transient Performance of DPC during active power step
from 2 to 5kW and from 5 to TkW

DC-link voltage drops. The results for the active power step from 5 to 1 kW are shown
in figure 5.30d, 5.30e and 5.30f. The rising time is around 0.79 ms, which is faster than
during step up, because the maximum output power increasing per sampling time is
limited by the physical system and switching table.

5.6 Comparison of VOC and DPC

Steady State Comparing VOC (figure 5.9) and DPC (figure 5.18) during nominal
operation, the grid current FFT analysis, average switching frequency, and three phase
converter voltage are shown in figure 5.31. Even damped by the LCL filter, the fre-
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Figure 5.31: Comparison of VOC and DPC at Nominal Operation Point

quency spectrum of DPC is still more distributed over the frequency band. The average
frequency of VOC is below the DPC average frequency. The loss analysis of VOC and
DPC are shown in figure 5.32a and figure 5.32d respectively. The VOC generates less
losses than DPC because of the lower switching frequency. Selected results for VOC at
the nominal operation point and different switching frequencies are given in table 5.9.
Compared with DPC, VOC achieves better current quality considering THD for the
same average switching frequency. It can be noted that for the same average switching
frequency, the converter has the same level of losses and efficiency.

In order to evaluate the characteristics of both control algorithms, further data are
summarized in table 5.10. Comparing the steady state performance regarding the THD
and switching frequency at different operation points, it can be noted that at the same
operation point, VOC has better performance than DPC considering the THD.

Transient The control difference between VOC and DPC for the transient case 2 and
LVRT case 3 are shown in figure 5.32. Here i.op,qq represents converter side current
in dq frame, and peon, ¢econ represent converter side active power and reactive power.
Table 5.11 presents the rising time of DPC, and VOC in different operation points.
The converter side (CS) and grid side (GS) results are summarized respectively. It can
be noted that DPC reacts much faster than VOC in normal operation. However, in
abnormal operation, from the studied case 3, DPC and VOC have comparable dynamic
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Table 5.9: VOC and DPC Control Performance with Different Switching Frequency
under Nominal Operation Point

fi THD Poss n
Method | (570 | (o) | aav) | (%)

787 | 1.69 | 54.91 | 98.90
VOC 769 | 2.02 | 54.94 | 98.90
617 3.5 | 43.96 | 99.12

789 | 6.45 | 53.43 | 98.93
DPC 738 | 6.81 | 50.86 | 98.98
578 | 7.39 | 42.04 | 99.16

Table 5.10: Steady State Performance Comparison of DPC and VOC

DPC VOC
Operation Point Jsw | THC n Js | THC n
(Hz) | (% In) | (%) | (Hz) | (%In) | (%)

P=100,Q=0 812 3.7 98.91 | 617 3.5 99.12
P=061,Q=0 1024 3.1 99.08 | 745 2.1 99.30
P=031,Q=0 937 1.5 99.35 | 550 1.8 99.59

P =0.56,Q =042 | 694 24 99.23 | 575 1.5 99.31

performance.
Two conclusions can be drawn:

1. At the same operation point, VOC has a better steady state performance both in
THD and switching frequency.

2. For the reference step, DPC has a much higher dynamic performance than the
VOC method.

5.7 Summary

In this chapter, the state-of-the-art grid converter control algorithms, voltage oriented
control and direct power control are investigated. First, a historical overview of grid
converter control is presented. Voltage oriented control derived from field oriented
control is well adopted for power converter control since the 60’s. Direct power control
derived from direct torque control has been used for power converter control since the
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Table 5.11: Rising Time Comparison of DPC and VOC (Unit:ms)

. DPC VOC
Operation Mode | Case Study cS ‘ as | cs ‘ Gs
Abnormal Case 3 P/d-axis 049 | 1.28 | 0.2 | 1.2

Case 3 Q/g-axis 0.76 | 0.86 | 0.87 | 0.7
Normal ‘ Case 2 DC-link Voltage ‘ 12 ‘ 23

80’s. A detailed DPC control design processes including hysteresis control design and
switching table development are illustrated in this chapter.

Both simulation and experiments were conducted to verify VOC and DPC methods.
Since the objective of this thesis is to design a converter control for a MV application,
the simulation was studied for a 5 MVA system. Experiments were conducted with a
scaled-down LV test setup (10kVA) with almost same PU values. Both simulation and
experiments proved the correctness of the VOC and DPC method design.

At the end, a comparison of VOC and DPC is given. The DPC can improve the
dynamic performance significantly compared to the VOC method. However, the switch-
ing frequency was not decreased for the same operation point compared to the VOC
method. So in order to improve the efficiency of the power conversion system, other
control methods must be investigated, which can decrease the switching frequency but
keep the steady state and dynamic performance at the same time.
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6 Model Predictive Direct Control

The previous chapter has presented the state-of-the-art control algorithms, VOC and
DPC. An improved switching table for DPC is introduced in Chapter 5. However, it
is difficult to improve the performance of the classic VOC. Model predictive control
(MPC) has been used in the process industries, pulp and paper industries since 1970s,
where the sampling period is long enough for the calculation of the controller [117].
However, nowadays, with the development of digital processor ability, it is possible to
implement MPC for power system converter control. Therefore, MPC is emerging as
an attractive control method for grid connected power converter control.

This chapter will introduce the MPC of a grid converter in the power system. First
of all, section 6.1 gives the classification of MPC methods and presents the method used
in this thesis. Afterwards, the single step and multiple steps prediction are investigated
in section 6.2 and 6.3, respectively. In order to verify the proposed multiple steps MPC
algorithm, first, a 5MVA wind turbine grid converter with medium voltage is simulated,
which is shown in section 6.4. Then, experimental verification is provided in section
6.5 applying the scaled 10 kVA test bench. A comparison between the two methods for
single step and multiple steps is introduced in section 6.6. At the end, a summary is
given.

6.1 Benchmarking of Model Predictive Control
6.1.1 Model-based Predictive Control

Model predictive control is one of the model-based predictive methods, which consists
of deadbeat control (DBC) and generalized predictive control (GPC). The common idea
is to use a dynamic model to predict the controlled variables of the system, and select
the optimal manipulated variables for an optimization criterion [119].

For deadbeat control, the optimization criterion is to reach the reference value at
the next sampling instant by using the selected manipulated variables, e.g. the voltage
vector of the voltage source converter control. Generally, a modulator is needed for
deadbeat control to generate the switching signals [136]. The advantage of this method
is its fast dynamic, while the disadvantage is that it is difficult to incorporate the non-
linearities and constraints of the system [137].

Another well-known predictive control is the generalized predictive control, which
was first introduced by Clarke [138-140]. Compared with deadbeat control, GPC be-
longs to the multiple steps prediction methods of model predictive control, which is also
called "long-range model predictive control". During each sampling interval, a set of
future control variables are generated. However, the first element is applied as manipu-
lated variable (system input) [141]. When the system is linear and without constraints,
GPC provides an explicit control method that can be easily implemented [119]. How-
ever, it will become much more complicated when considering the system constraints,
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which have to be considered in practical applications.

6.1.2 Model Predictive Direct Control

Unlike DBC or GPC, MPC has a cost function as the optimization criterion, which is
easily incorporated with multiple constraints. The control design is very simple and
intuitive. For MPC, it can be classified according to different criteria. Table 6.1 shows
the classification of model-based predictive control depending on the control principle
and prediction steps. Both control schemes with and without modulator can be found,
which cause either fixed or variable switching frequency. For the model-based predic-
tive control without modulator, the name "model predictive direct control" is used, or
"finite control set model predictive control (FCS-MPC)". In this case, the switching fre-
quency is variable, which means that the spectrum of converter output voltage/current
distributes in the whole frequency band. Considering the number of prediction steps,
model-based predictive control can be divided into two groups, single step prediction
(Np=1) and multiple steps prediction (Np>1). Here, Np is the number of prediction
steps. Generally speaking, the multiple steps prediction can achieve better performance
than the single step prediction. However, the calculation load increases exponentially,
which is a big challenge for the digital processors.

Table 6.1: Classification of Model-based Predictive Control

with modulator without modulator

-Single Step Model Predictive
Direct Current Control
Np=1 | -Dead Beat Control -Single Step Model Predictive
Direct Power Control

-Multiple Steps Model Predictive
Direct Current Control

Np>1 | -Generalized Predictive Control | -Multiple Steps Model Predictive
Direct Power Control

In the past decades, model predictive direct control (MPDC) has drawn much at-
tention in the academic community. For three phase inverter control, it was first pro-
posed in reference [118]. References [142-146] present model predictive direct current
control for the power converters, while references [147-149] cover model predictive di-
rect torque control for the induction machine control. For a grid converter with LCL
filter, reference [150] proposes a cost function with constraints for a specific current
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spectrum adopting model predictive direct current control, which is used to suppress
resonances [151]. Reference [152] introduces model predictive direct power control for
active front-end rectifiers (AFEs). The latest overview of model predictive direct control
is presented in [153], where the different power converters using model predictive control
are summarized, e.g. two-level, three-level neutral point clamped, or modular multilevel
converter. Additionally, different control variables can be selected for different applica-
tions, e.g. current, neutral point voltage, torque, flux, active power, reactive power and
switching frequency etc. The latest publications about predictive control can be found
in the special section on "predictive control in power converters and electrical drives"-
part I and part II [154, 155].

MPDC has developed significantly in the past decade. There are mainly two direc-
tions, single step prediction and multiple steps prediction. Mainly two representative
research groups have conducted in depth research on MPDC. One is the Department
of Electrical Engineering from the Universidad Técnica Federico Santa Maria in Val-
paraiso Chile, who has investigated a simple and powerful method to control power
converters [143]. It has been applied in three-level NPC converters [144], three-level
active NPC converters [156], multilevel cascaded H-bridge inverters [146], and for UPS
applications [157], as well as for active and reactive control in grid-tied multilevel con-
verter applications [158] and torque control of induction machines [148].

The second one is the Department of Information Technology and Electrical Engi-
neering (D-ITET, Departement Informationstechnologie und Elektrotechnik) from ETH
Ziirich, where the well-known DPC method was developed and improved with online
optimization instead of off-line switching tables [147,149,159,160]. The same predic-
tion method was adopted for direct current control for multi-level converters [161,162].
The developed MPDC uses multiple steps prediction. The major benefit of this control
method is its superior performance in terms of the switching frequency. Namely, for the
same level THD, multiple steps MPDC can achieve a lower switching frequency, which
is a very important point for medium voltage power converter or drives. However, with
the increasing of prediction steps, the calculation effort increases exponentially. For ex-
ample, for three-level neutral pointed clamped converters, there are 27 voltage vectors.
If every vector is evaluated during each interval time, for three steps prediction, there
will be 272 = 19683 model calculations, which is not possible to finish during the normal
sampling period for power control and drives (e.g., Tsx = 100us). Multiple steps model
predictive direct control proposes a switching horizon for evaluation of each possible or
predefined voltage vector and extrapolates the voltage vector candidates for achieving
more prediction steps [159]. In section 6.3, the details of this method will be discussed.

6.2 Single Step Model Predictive Direct Current Control

The model-based predictive control of a three-phase inverter with an LCL filter was first
mentioned in reference [163], in which a piecewise affine (PWA) model was used to get
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Figure 6.1: Model Predictive Direct Current Control for Grid Converter with
LCL-filter

a more accurate prediction compared to the zero order hold model. This is not a direct
method, though, since it uses PWA approximation, which is an improvement of PWM
modulation. Model predictive direct control was first used to control the current of a
grid connected converter with LCL filter in 2009 [151].

As discussed before, due to the LCL-filter, there are two currents that could be
measured. From the point of view of converter over-current protection, it is necessary
to install the current sensors on the converter side. In order to reduce the number
of transducers and cost, only converter side current transducers are considered in this
thesis. The system diagram of Single Step Model Predictive Direct Current Control is
shown in figure 6.1. It mainly contains two loops, the outer loop voltage loop and the
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Figure 6.2: Internal Model of the Controller

inner loop current loop. Since active damping needs to be implemented in dq frame,
the grid angle is also needed for the internal controller. Details will be discussed in the
following subsections.

6.2.1 System Modelling

For model predictive control, the system model is essential and the core for prediction.
It comnsists of modelling of the converter, LCL filter and grid. The internal model is
used to predict the trajectory of the converter side current. According to the system
model (equation 3.5), an internal model diagram is shown in figure 6.2. The state space
representation is given in equation 6.1:

{ @(t) = Ax(t) + Bu(t)
y(t) = Cx(t) + Du(t)

The state variable vector is chosen as in equation 6.2, where i; is the converter side
current, io is the grid side current, v is the capacitor voltage, and grid voltage or point
of common coupling (PCC) voltage is indicated as v,. The subscript o and g represent
the components of the a8 coordinates.

(6.1)

. . . . T
x:[zla 118 920 28 Vea Ve Vga Ugg] (6.2)

The input variable vector is defined in equation 6.3, where v, and vg represent the
converter output voltage.

T (6.3)

u:[va ’Uﬂ]
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The output variable vector is defined as:

y=1[1a ip ]T (6.4)

The matrices (A,B,C and D) of the system are shown in equation 6.5-6.8. The
symbol indications are consistent with chapter 3.

~Ry/Li 0 0 0 -1/, 0 0 0
0 —Ri/Li 0 0 0 -1/L; 0 0
0 0 —Ry/L, 0 1/Ly, 0 —1/Ly 0
A 0 0 0 =Ra/la 0 1Lz 0 L] oo
Y el 0o -1/¢; 0 0 0 0 0 '
0 1/Cy 0 -1/C; 0 0 0 0
0 0 0 0 0 0 R
0 0 0 0 0 0 wy 0
T
|1y 0 000 00 O
B= 0 1/Ly 0 0 0 0 0 0 (6:6)
10000000
“=lo 1000000 (6.7)
0 0
p- |00 (6.9)

Considering the implementation of the control in the digital processor, the continuous
time representation of the internal model (6.1) needs to be transferred to discrete time
representation. For a linear time invariant (LTT) continuous system, e.g., &(t) = Ax(t)+
Bu(t), the solution under the condition of z(ty) and w(t) is [164]:

t
2(t) = B(t — to)a(to) +/ B(t — ) Bu(r)dr (6.9)
to
Assume the sampling time is Ts, and to = kT, so z(tg) = z(kTs) = x(k). Assume
t = (k+1)Ts, so z(t) = z[(k + 1)Ty] = x(k + 1). And during t € [k, k + 1]T, u(t) =
u(kTy) = constant, the solution (equation 6.9) can be transformed to:

(k+1)T,
2k +1) = ®[(k + 1)T, — kT.)z(k) +/ o[(k + 1)T, — 7]Bdru(k)  (6.10)
kT

Through some intermediate steps and substitutions, the discrete system state equation
is derived [164]:
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T
ok +1) = B(T)a(k) + /O () Bdru(k) (6.11)

where ®(T,) = eTs. e is the matrix exponential function. Thus

g_ 22 33 kmk kmk
I+ AT, + AT +3AT+ S+ AT Zk'AT (6.12)

Considering a high sampling frequency (fs = 10kHz) and simplification, only the
first two items I + AT's are used and the higher order items are neglected. Actually
this is equivalent with the simple discrete forward-euler method. The discrete time
representation is shown in equation 6.13. The matrices (A4, B4,Cy and Dy) can be
calculated according to equation 6.14-6.17.

{ ;EZ)Z%;%%@))L%;(@ (6.13)
Aa =1+ 4T (6.14)
Be=T.B (6.15)

Ca=0C (6.16)

Da=D (6.17)

6.2.2 Cost Function and Weighting Factor

The cost function is the evaluation criteria which is used to select the optimal voltage
vector for the control objective. The objective of model predictive direct current control
is to control the current tracking the given reference. The converter side current i; is
controlled, and the cost function is expressed in orthogonal coordinates (af):

g = |Z>{a(k+ 1) - ifa(

) —its(k+1)] (6.18)

where i}, (k+1) and 774 (k+1) are the components in a3 coordinates of the converter
side current reference. The if, (k+1) and it 5(k+1) represent the predicted converter side
current, which can be achieved through the internal model(6.13). The state variables
in equation 6.2 need to be measured. In order to reduce the measurement sensors and
cost, an observer is necessary. It will be introduced in subsection 6.2.3. For simplicity,
we can assume that the reference values at time instant k41 do not change significantly
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during one sampling period. Namely if(k+1) = ] (k) can be used for the cost function.
This causes one sampling delay for the reference tracking, which will deteriorate the
system performance when the system period is large. In order to achieve an accurate
reference value at time instant k + 1, the reference prediction method is introduced in
subsection 6.2.4.

When the cost function consists of different controlled variables, e.g., current, voltage
or switching frequency, weighting factors are necessary for balancing the importance of
each variable and making them comparable among each other. For three-level NPC
converters in medium voltage applications, besides the neutral point voltage balancing,
the switching frequency should be kept in a low range to achieve low switching losses.
So the aforementioned cost function (equation 6.18) can be improved to:

)\1‘ )\dc )\sw
9=1mG1+ = Ga + —Nsw (6.19)
|21|2 |Udcilmk/2|2 Np
e .p (2 e .p |2
G1 = |ite —ita|” + |its —il4] (6.20)

G2 = |4 — Uicllz + |V — /Ucll:::2|2 (6.21)

where v4c1 and vge2 represent the DC-link top and bottom capacitor voltage, vae 1ink
is the total DC-link link voltage. Namely, vdc 1ink = Vde1 + Vdc2. Np is the number
of prediction steps, which means for single step prediction, Np = 1, and for multiple
steps prediction, Np > 1. A;, A4 and A, are the weighting factor of current, DC link
voltage and commutation number. In order to tune the weighting factor, normalization
is recommended. After the normalization, the range of each item is in the same level
generally, which makes the parameter tuning more convenient.

6.2.3 Observer Design

Except for the system state variables i; and v,, the state variables can not be achieved
directly, and have to be acquired by an observer. In order decrease the system order
of the observer and simplify the observer design, the grid voltage can be considered as
disturbance w(t), and system 6.1 can be written as:

{ i(t) = Aox(t) + Bou(t) + Powl(t) (6.22)

y(t) = Cox(t) + Dyu(t)
where the system state variables do not contain the grid voltage. Then the system is
modelled as:
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—Ri/L4 0 0 0 —1/Ly 0
0 —Ry/IL4 0 0 0 —1/L4
- 0 0 —Ry/Lo 0 1/Lsy 0
Ao = 0 0 0 —Ro/Ls 0 1/Ls (6.23)
1/Cy 0 -1/Cy 0 0 0
0 1/Cy 0 —1/Cy 0 0
1/, 0o o000 0 |
_ 1
B, 0 1/L; 0 0 0 O (6.24)
00 —1/L o 00 |"
—1/Ls
P 0 0 0 —-1/Ly 0 O (6.25)
10 00 00
Co = 01 0 0 0O (6.26)
0 0
b |00 o
Utilizing the observability criterion, it can be obtained:
Co
COAO
rank } =6 (6.28)
C, A5

which means that the system (6.22) is observable, and an observer can be designed as:

(6.29)

&= A2+ Bou+ Pow—L () —v)
= Coit

Equation (6.29) can be expressed further to:

f:Aoi—l—Bou—i—Pow—L(@—y)
= A, + Bou+ P,w — LC, (& — x) (6.30)
= (A4, — LC,)% + Bou+ P,w+ Ly

where (A, — LC,) is the system matrix of the observer, matrix dimension of L is 6 x 2. In
order to guarantee the observer working correctly, under whatever the initial condition
Z(to) and x(tg) are, it is necessary to meet:

lim (£ —x) =0 (6.31)

T—r 00
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Employing equation (6.22) and (6.29), the state equation of states error x — # is:

i — & = (Ao + Bou + Pyw) — [AoZ + Bou+ Pow — L (§ — y))
= Ao(x — &) + LC, (& — z) (6.32)
= (A, — LC,)(z — 2)

The solution of equation (6.32) is:
x — 2 = eAoLCIE=t0) [3(40) — 2 (t)] (6.33)

when z(tg) = &(to), then = 2. Since the system (6.22) is observable, there must be
a matrix L, which enables eigenvalues of (4, — LC,) in the left-half of the s-plane. So
the observer system is asymptotically stable, and the states error (x — &) will attenuate
to zero in the steady state. The parameters of the matrix can be designed based on
the zero-pole displacement method. Generally, the response of observer is three to ten
times faster than the feedback system [164].

6.2.4 Current Reference Prediction

In the cost function (6.18), the future current reference at time instant k + 1 needs
to be known. For single step prediction and high sampling frequency applications, it
is possible to assume i;(k + 1) = i1(k). However, in the application of multiple steps
prediction (section 6.3), or low sampling frequency, this assumption is not accurate.
For sinusoidal wave form, it is easy to estimate the future reference with the help of
vectorial representation. For example, the current reference vector i* can be described
by its magnitude I* and angle 6:

i*(k) = I*(k)e??™® (6.34)

For a symmetrical three-phase power system and in the steady state, the angle 6 at
the time instant k£ + 1 can be calculated as:

Ok +1) = (k) + wT, (6.35)

where T is the time sampling period, and w is the angular speed of the voltage vector.
According to equation (6.34) and (6.35), and with the assumption that the magnitude
keeps constant, the current reference vector ¢+* at time instant k + 1 can be calculated
as:

i*(k+1) = I*(k + 1)e/(k+1)
= I*(k)edl0 (k) +wT:] (6.36)
= i*(k)e/vTs

similarly, the current reference vector I'* at time instant k£ + 2 can be calculated as:

i*(k+2) = i* (k)e*IwTs (6.37)
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The calculation of the current reference at time instant £+ 1 and k + 2 is illustrated
in figure 6.3, which is only a schematic diagram. Actually for f = 50H z sinusoidal wave,
when T = 100us, the angle change in one step is only w7 = 1.8 degree.

Figure 6.3: Current Reference Prediction

6.2.5 Time Delay Compensation

For model predictive direct control, the whole control algorithm is implemented in the
digital signal processor, e.g., DSP, or FPGA. During each time interval, analog digital
conversion, evaluation of the admissible voltage vectors and some other tasks need to be
executed, which needs calculation time. Namely, it is not possible to apply the optimal
vector at the starting point.

As shown in figure 6.4, it is supposed that the calculation time is more than 2/3 of
the sampling period Ts. At the time instant ¢, the optimal voltage vector is applied,
e.g., V1. The output values at the time instant t;; are estimated, and the admissible
voltage vectors at time instant t;4o are evaluated. In figure 6.4, three voltage vectors
are evaluated, Vi, V5 and V3. It is obvious that vector V5 can achieve the least current
error at time instant ¢;42. So V5 is selected which will be used at the time instant ¢x1.
Therefore at least two prediction steps are needed for model predictive direct current
control with time delay compensation. In the first step, the optimal voltage selected in
the previous step is applied. In the second step, the admissible voltage vectors should be
evaluated and the optimal value should be selected according to the cost function [145].

6.3 Multiple Steps Model Predictive Direct Current Control

In the previous section, single step MPC is described step by step, from the basic system
modelling, cost function and weighting factor design, to the necessary observer design,
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Figure 6.4: Model Predictive Direct Current Control with Delay Compensation

current reference prediction and time delay compensation. All these design stages are
the core of the model predictive control and also the foundation of multiple steps MPC.
In this section, at first, a short overview of the multiple steps MPC is given, and the
challenges are discussed. Afterwards boundary control and linear extrapolation will be
described. An improved method is proposed for the optimal voltage vector evaluation
compared to the classical multiple steps prediction.

6.3.1 Overview and Challenges

Multiple steps MPDC was first used with direct torque control of electrical drives [159].
Later, theoretical analysis and experimental results for this method are given in reference
[147,149]. References [165,166] present the multiple steps model predictive control for
current control of electrical drives. Especially in reference [166], the multiple steps
MPDC is compared with single step MPDC, SVM and optimal pulse patterns (OPP) on
the steady state performance, e.g., switching frequency and THD. Using long prediction
horizons, e.g., (N = 10), the THD of the grid current can be reduced more than 20%
compared to single step prediction at the same switching frequency [166]. The transient
performance is similar to single step control [166].

Undoubtedly, the computation effort for multiple step prediction is a big challenge for
implementation of such a scheme. A simple solution is to increase the sampling period
T, but this deteriorate the system performance or even to becoming unstable. Besides
the predictive steps, the computation complexity also depends on the converter topology
and optimization methods. Once the controlled object is decided, the topology of the
converter is fixed. The only thing what we can improve is the optimization method,
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which is also the core of model predictive control. From the literature [167], generally
there are three strategies to keep the computation effort low, which are moving window
blocking, extrapolation and the event-based horizon strategy. Extrapolation without
the enumeration of all admissible voltage vectors is used in this thesis.

Multiple steps MPDC is a good alternative due to its prior switching optimization for
low switching frequency in MV applications. The resonance problem of LCL filters has to
be solved carefully. References [151,168,169] propose different methods to overcome the
resonance problems. The overall procedure of Multiple Steps Model Predictive Direct
Current Control is similar to Single Step MPDCC (figure 6.1). The only difference
is that multiple steps control needs to predict several trajectories, which are used for
candidate sequences selection according to the cost function.

6.3.2 Multiple Steps Control Scheme

For the single step MPDC, during every sampling interval, all the possible voltage
vectors are evaluated and the optimal voltage vector is applied. This process is repeated
every single step. However, for the multiple steps MPDC, during every sampling interval,
the prediction should be conducted with multiple steps instead of one step. One can do
the same evaluation as for a single step scheme, which means that all the possible voltage
vectors are evaluated. However, it is not possible to implement this in a real digital
processor unit, since the number of evaluations increases exponentially. To decrease the
computation effort, linear extrapolation is adopted in this thesis. The multiple steps
MPDCC scheme mainly comprises the following steps:

1. Obtain and update the state variables both from sensor measurement or observers
at time instant k. Apply the previous optimal voltage vector for time delay com-
pensation (illustrated in 6.2.5).

2. Evaluate all possible voltage vectors or predefined voltage vector matrix (shown in
6.41 and B.1) from time instant k+ 1 for Ny steps, which is the switching horizon.

3. Afterwards, one preliminary voltage vector sequence during the switching horizon
is formulated, [u*(k) u’(k+1)---u'(k+ Ns—1)], i € I.. Here u(k) is the voltage
vector at time instant k, and I, represents all the possible voltage vector sequence
set.

4. Employing boundary control (illustrated in 6.3.3), the candidate voltage vector
sequence can be selected, [u?(k) w/(k+1)---w/(k+ Ny, —1)], j € J. C I.. Here
J . represents the candidate voltage vector sequence set.

5. The candidate voltage vector sequence will be linearly extrapolated until exceeding
the predefined boundary (illustrated in 6.3.4). The extrapolation horizon N, may
be different for different candidate sequences. So the expression N7 represents the
individual extrapolation horizon for the candidate sequence j.
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Figure 6.5: Model Predictive Direct Current Control with Delay Compensation

6. Finally the candidate sequence with extrapolation is achieved, which is shown in
equation (6.38). Here, the final prediction horizon is N, = N, + N..

UV (k)= [/ (k) o/ (k+1)...u/ (k+ N, —1)...u/ (k+ N] — 1)] (6.38)

7. Employing the improved cost function (6.39), all the candidate voltage vector se-
quences are evaluated and the optimal voltage vector sequence, U°P(k) is selected.
The first voltage vector u°P!(k) is applied and step 1 is repeated. This idea is from
the receding horizon control [170]. The flowchart of the controller is shown in fig-
ure 6.5, where m and n are counting variables. N__candi represents the quantity
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Figure 6.6: Output Trajectory with Boundary Control for Ny = 2

of candidate voltage vector sequences.

6.3.3 Boundary Control

In order to get the candidate voltage vector sequence U’ (k), a feasibility selection is
conducted according to the boundary, which can be implemented in all three coordinates,
abc, aff or dq. For a three-phase symmetrical system, the components become constant
in dg, which is easier to explain. The feasibility criteria can be divided into two types
[171]:

I The predicted current at the last step of the switching horizon Ny is inside the
boundary.

II The predicted current at every step of the switching horizon Ny trends towards
the boundary instead of departing from the boundary.

As long as one of them is met, the voltage vector sequence can be regarded as a
candidate sequence. An example with Ny = 2 is shown in figure 6.6. Case(a), (b) and
(c) are feasible, while case (d), (e) and (f) are not. Case (a) and (b) belong to type I.
No matter whether the output at the previous time instant is inside of the boundary
or not, it is feasible if the output at the last step is inside of the boundary. Case (c)
belongs to type II which means that case (c) trends to the boundary.

6.3.4 Linear Extrapolation

Utilizing the boundary control, the voltage vector sequence candidates can be selected,
which comply with one of the two feasible types. To implement multiple steps MPDC,
the linear extrapolation is adopted [171]. From the first step of the extrapolation hori-
zon N, the prediction is conducted without all voltage vectors evaluations. The last
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voltage vector of [u/(k) u/(k+1)---u/(k + N, — 1)] will be used to achieve the output
trajectory through the internal prediction discrete model equation (6.13). This extrap-
olation process is repeated until the output exceeds the boundary. The extrapolation
horizon N/ is defined as the number of prediction steps of the extrapolation process,
and the superscript j indicates that the extrapolation horizon may be different with
respect to different voltage sequence candidates. Figure 6.7 shows the linear extrapo-
lation taking the example, where there are three voltage vector sequences during the
switching horizon Ny = 2. However, only sequence 1 and 2 are candidates according
to the feasibility criterion. Using the linear extrapolation, the output components are
extended linearly until exceeding the boundary. It can be noticed that sequence 1 has
extrapolation horizon N! = 2 and the sequence 2 has the extrapolation horizon N2 = 7
respectively. Together with the switching horizon N; = 2, the final prediction horizon
for sequence 1 and 2 are Np1 =4 and Ng = 9, respectively. Since for the extrapolation
steps the evaluation is not conducted, the computation effort is kept at a low level.

6.3.5 Optimal Voltage Vector Evaluation

After the boundary control and linear extrapolation, the candidate sequence is obtained.
The optimal voltage sequence will be selected according to the optimization criteria.
The improved cost function with current error consideration is proposed for robustness
enhancement. The cost function is shown again below:

‘ N, .
@ =Xew 7 2 |[W(k+n)—ul(k+n—1)i+
® n=1
Ny

Mg 2 L02 Getm) = (ko )2/ 1) (6.39)

Ny
Anpp ﬁ > ([vapp(k +n)[2/V2)

P n=1



Chapter 6. Model Predictive Direct Control 115

where
Asw ¢ weighting factors for switch commutation.
Ai : weighting factors for current track error.
Anpp ¢ weighting factors for neutral point potential.
Ng : prediction steps of candidate sequence j.
Ns : switching horizon.
llull; : 1-norm of vector u.

Unpp neutral point potential defined as (vdc2 — vdcl)/2

The adjustable parameters in the cost function are three weighting factors. When
the weighting factor A;, A,pp = 0 and taking the example in figure 6.7, the optimization
analysis is shown in table 6.2. Without the extrapolation, there are only 2 switching
steps and the corresponding cost expressions would have been 0.5 and 1. So the con-
troller would have selected U'(k) with index i = 1. While with the extrapolation, the
cost g! = 1/4 and g2 = 2/9, the voltage sequence U?(k) would have been selected. From
the long time perspective, U?(k) is superior to U! (k) with respect to the switching fre-
quency. Actually this is the reason why multiple steps prediction has the advantage of
keeping the switching frequency at a low level with acceptable total harmonics distor-
tion.

Table 6.2: Evaluation with Cost Function

Index i Prediction Steps N;; Switching transition N, Cost g

1 4 1 1/4
2 9 2 2/9
3 - - -

6.4 Multiple Steps MPDCC Simulation Results

To verify the proposed multiple steps model predictive direct current control, the medium
voltage 5 MVA system from chapter 5 is simulated. The system parameters are given
in table 5.5.

In order to decrease the computation effort, the admissible voltage vectors to be eval-
uated are optimized instead of evaluating 27 voltage vectors every step. The predefined
switching transition is shown in the matrix 6.41. The second column [ 01 --- 26 }T
represents the optimal voltage vector number at the last time instant. The first column
number represents the valid elements of the present row, which is the quantity of the
admissible voltage vector plus one.

The remaining columns are the possible voltage vectors. Take the first row as an

example:
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Ms(1,:)=[13 0 3 5 7 9 11 13 16 18 20 22 24 26 ] (6.40)

where "0" represents the optimal voltage vector is Vj, and the possible voltage vectors for
evaluation are V3, Vs, V7, Vg, Vi1, Vis, Vig, Vis, Voo, Vao, Vau, Vog, which are 12 vectors all
together. The three-level voltage vector numbering is shown in figure 6.8. The number
"13" means there are only 13 elements valid. In the row sixteen, there are only five
voltage vectors Vy, Vs, Vi3, Vig, Vag, which need to be evaluated if the Vi,_; = 15. So row
sixteen has only 6 valid elements. The other elements "0" are invalid. Employing this
matrix, the maximum evaluation steps for N, = 2 is 121 instead of 272 = 729, which
saves a lot of computation effort.

13 0 3 5 7 9 11 13 16 18 20 22 24 26
4 1 4 812 0 0 0 O O O 0 0 O
4 2 6 10 4 0 0 O O O O O 0 O

10 3 0 5 6 13 14 16 17 25 26 0 O O
7 4 1 5 13 15 16 26 0 O O O O O

10 5 0 3 4 7 8 15 16 18 19 0 0 O
7 6 2 3 7 16 17 18 0 O O O O O

10 7 0 5 6 9 10 17 18 20 21 O O O
7 8 15 9 18 19 20 0 0 0 0 0 O

10 9 0O v 8 11 12 19 20 22 23 O O O
7 10 2 7 11 20 21 22 O O O O O O

10 11 0 9 10 13 14 21 22 24 25 0O O O
7 12 19 13 22 23 24 0 0 O O O O

M. = 10 13 0 3 4 11 12 15 23 24 26 0 O O (6.41)
7 14 2 3 11 24 25 26 0 O O O O O
6 15 4 5 13 16 26 0 0O O O O O O
8 16 0o 3 4 5 6 15 17 0 0 O 0 O
6 17 3 6 7 16 18 0 O O O O O O
8 18 0o 5 6 7 8 17T 19 0 0 0 0 O
6 19 5 &8 9 18 200 0 0O O O O O O
8 20 o 7 8 9 10 19 21 0 O O O O
6 21 7 10 11 20 22 O O O O O O O
8 22 0 9 10 11 12 21 23 O O O O O
6 23 9 12 13 22 24 0 O O O O O O
8 24 0 11 12 13 14 23 25 0 O O O O
6 25 3 11 14 24 26 0 O O O O O O
8 26 0 3 4 13 14 15 25 0 0 O 0O O
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Figure 6.8: Three-level Voltage Vector Numbering

6.4.1 Performance under Normal Operation

For normal operation and the steady state performance verification, the nominal oper-
ation point is selected at first. Considering hardware limitations, Ny = 2 is selected to
test the function of the proposed control strategy. In order to understand the principle
of the scheme, three types of control strategy variants are discussed in the following.
For this purpose, two constant dc voltage sources and ideal grid voltage are assumed.

1. Strategy with boundary control and linear extrapolation

In figure 6.9, the simulation results of multiple steps MPDCC are presented. The
grid voltage is a pure sinusoidal wave without any low order harmonics. Figure 6.9b
shows the converter side current. Using the FFT analysis, figure 6.9c shows that
there are some harmonics around the frequency at 1kHz, most amplitudes are below
4%. Considering the grid code IEEE 519-1992 [172], the converter side current THD
obviously exceeds the 5% current distortion limit. Employing the LCL filter, the grid
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Figure 6.9: Multiple Steps MPDCC at Nominal Operation Point

current is shown in figure 6.9d, which is smoother than converter side current. Most
high order harmonics are greatly attenuated. Figure 6.9e shows the grid side current
FFT analysis, which complies with the requirements of the grid code. The THD of
the grid side current is around 4.1% with the average switching frequency 380.65 Hz,
figure 6.9g. The big advantage of multiple steps MPDCC is that an acceptable current
quality can be achieved with a very low switching frequency. Figure 6.9f shows the
active and reactive power injected into the grid. For the nominal case, active power
5MVA, and reactive power Qvar is verified. From the figure 6.9h, it can be found
that the prediction horizon is extended up to six steps. Since the switching horizon
is fixed, Ny = 2, the extrapolation horizon N, is up to 4. The optimal voltage vector
selected during the displayed simulation time is shown in figure 6.9i.
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2. Strategy without boundary control?

In order to observe the function of the boundary control, the control strategy without
boundary control is verified. The simulation results are shown in figure 6.10. The
average frequency decreased to 348.23 Hz. Correspondingly the grid current harmon-
ics increased slightly. The THD of the grid current is 4.5%. The quantity of feasible
voltage vector sequence candidates is shown in figure 6.10g, which is significantly
increased to the range of 49 to 85, while the candidates quantity of the original
control strategy with boundary control is up to about 20 (figure 6.10h). Namely,
the calculation effort for the extrapolation strategy is four times larger than for the
control strategy with boundary control. So the boundary control function helps to
save computation effort in general.

3. Strategy without linear extrapolation

To understand the function of the extrapolation method, the results without linear
extrapolation are shown in figure 6.11. The prediction horizon N, is fixed to two
(figure 6.11f), which contains only the switching horizon Ny, since the extrapolation
horizon N, is zero. It can be noted that the average frequency increases to 497.75 Hz.
Correspondingly, the THD of the grid current decreases to 3.8%. Therefore, the linear
extrapolation concept can help decreasing the average switching frequency, which is
also consistent with the original idea of using extrapolation.

From the above discussion, it can be concluded that boundary control and linear ex-
trapolation are the two main core parts of multiple steps MPDCC strategy. Without the
boundary control, the quantity of voltage vector sequences needed to be extrapolated
will increase significantly, which increases the calculation effort. Without the extrapo-
lation, keeping the other conditions and parameters unchanged, the average frequency
will obviously increase which causes higher losses of the converter.

Steady State Steady state case 1 discussed in subsection 5.4.1 is simulated using
MS-MPDCC. The results are shown in figure 6.12 and figure 6.13. The converter side
current is shown in figure 6.12b and its FFT analysis in figure 6.12c. Like the DPC
method, the harmonics distribution has no characteristic spectrum since there is no
modulator. The average frequency is about 427 Hz, see figure 6.12g. Employing the
LCL filter, the grid side current is smoother than the converter side current (figure
6.12d). It can be found that the grid current has some low harmonics due to the low
switching frequency or resonance issue. However, the harmonic components and the
THD (3.8%) are well below the grid code requirement. The well controlled grid side
active and reactive power are shown in figure 6.12f. Figure 6.12h shows the prediction

21t should be noted that the boundary control for extrapolation is still used to calculate the extrap-
olation horizon Ne.
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Figure 6.10: Multiple Steps MPDCC without Boundary Control

horizon, which has the maximum of 8 steps. With the grid voltage angle rotating, the
optimal vector (6.12i) for every control step is also repeated periodically.

The voltage loop results are presented in figure 6.13. Compared to the DPC voltage
control (figure 5.19), the MS-MPDCC method can achieve a better neutral voltage
balancing with a lower switching frequency.

Transient In order to test the dynamic performance of the MS-MPDCC and for
comparison with DPC and VOC, the same case 2, in which active power reference drops
to 0.5 PU and reactive power keeps zero, is analysed. The results of the MS-MPDCC
are shown in figure 6.14. Since the converter side current is controlled directly, it is
necessary to verify the tracking performance. Therefore, the converter side current in
abc and dq frame are shown in figure 6.14a and figure 6.14c respectively. It can be
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Figure 6.11: Multiple Steps MPDCC without Linear Extrapolation

noted that the current is regulated very well and the d- and g-axis component are
decoupled. The three-phase grid current (figure 6.14b) has more harmonics in this new
operation point. However, the total current harmonic distortion (TCH) is around 4.3%
according to IEC-61400-21. It is also found that the average switching frequency for the
new operation point is around 378 Hz. The grid current can be improved with variable
active damping resistor. The active power and reactive power injected to the grid are
shown in figure 6.14d. The rising time for active power is about 3.5 ms. The active power
drop to 0.5PU at 0.7s, causes a voltage drop in the DC-link voltage (figure 6.14¢). The
DC-link voltage returns to the nominal value (6000 V) quickly. The rising time of the
DC-link is about 14.6 ms and there is around 1.5% undershoot. The upper and lower
capacitor voltages are shown in figure 6.14f. For a very short time the voltages are
outside of the boundary which is acceptable.

6.4.2 Performance under Abnormal Operation

LVRT operation, case 3 and case 4 described in subsection 5.4.1 are adopted for MS-
MPDCC verification. First, case 3, three-phase grid voltage drops to 0.7 PU at 0.66s
is shown in figure 6.15. The converter current amplitude after grid voltage drop has a
slow response till recovering to the nominal value, which also causes the same response
of the grid side current. Analysing the converter side current in dq frame, it can be
found that the d-axis component has slow dynamics, while the g-axis reacts quickly.



122 Part III.  Grid Converter Control Strategies

- =5
5 ! z ! % 4 I Current THD=6.8%
& 05 & 05 2
g 5 53
£ o 3 o £
S & <2
el o
kel -0.5 o -05 c
5} z g1
- s - 5
0
044 045 046 047 048 044 045 046 047 048 T o 1 2 3 4 5
Time(s) Time(s) Frequency(kHz)
(a) Three Phase Grid Voltage (b) Three Phase Converter (c¢) Converter Current FFT
(PCC) Current Analysis
=5
1 [ I Current THD=3.8%|| ~ !
=) L4 =)
L o5 2 5 2 o5
= 3 . ]
g 0 g g 0 B it MR A AN A A
o S 2 o
T -05 'g ; o -05
& 5
-1 £ o} -1
044 045 046 047 048 T 4 5 044 045 046 047 048
Time(s) Frequency kHz) Time(s)
(d) Three Phase Grid (e) Grid Current FF'T (f) Active and Reactive
Current Analysis Power
1000 8 2
%
= s
T =
= 520
g 500[ o o o r"l-—\_rrl e J | 3
g_ O =0 ‘ ‘ >
2 0 1Y g 10
) AT |H||||| :
o
. . BRI =
12 14 _ 16 18 2 044 045 046 047 048 044 045 046 047 048
Time(s) Time(s) Time(s)
(g9) Average Switching (h) Prediction Horizon (i) Selected Optimal Voltage
Frequency Np = Ns + Ne Vector
Figure 6.12: MS-MPDCC at Nominal Operation with Voltage Loop
6050 200 3100
. 100 3050
I I e
& 6000 WMWMMMWWW & o & 3000
g g g
s s 5
> > _100 > 2950
5950 200 2900
045 046 047 048 049 045 046 047 048 049 045 046 047 048 049
Time(s) Time(s) Time(s)
(a) DC-link Voltage (b) Vde1 — Vdc2 (¢) vic1 and vgca

Figure 6.13: DC-link Voltage Performance of MS-MPDCC at Nominal Operation

The falling times for both components are around 27 ms and 1.3 ms respectively. The
reason for this phenomenon is that the grid voltage drop causes a jump of the d-axis
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Figure 6.14: MS-MPDCC Case 2 Active Power Drops to 0.5 PU and Reactive Power
Is Zero

component of the filter capacitor voltage v.q. Since the active damping is implemented
by a high-pass filter to extract the high frequency components of v.q and vq, this step
is also extracted and makes a huge damping voltage, which is shown in figure 6.15f. It
can be noted that the damping voltage extracted from v, stays in the range of £100V.
However, when the grid voltage dip happens, the d-axis component of damping voltage
reaches —1000 V, which will generate a huge damping current (equation 4.21). Due to
the high-pass filter, it will take some time for recovery. This can be solved by adding
a saturation, the results are shown in figure 6.16. The prediction horizon and average
frequency are shown in figure 6.15g and 6.15h. The prediction horizon becomes larger
than in normal operation while the average frequency (461 Hz) keeps the same level.

Figure 6.16 shows the results of case 3 with an active damping current limitation.
It can be found that the d-axis component of the active damping voltage is limited to
—300V. The three-phase converter and grid current are well controlled. The d-axis
component of the converter side current reaction is much faster than before. The rising
time of d- and g-axis components are around 3.2ms and 1.2ms. The rising time of the
grid side active and reactive power, are around 5.1 ms and 0.9 ms, which shows the good
tracking performance.

Case 4, three-phase grid voltage drops to 0.5 PU, is also simulated. The results are
shown in figure 6.17. It can be seen that the grid voltage drops to 0.5PU at 0.76s.
The converter side current is well regulated, both d- and g-axis components have fast
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Figure 6.15: MS-MPDCC Case 8 Three-phase Grid Voltage Drops to 0.7 PU

dynamic performance. The rising times are 2.2 ms and 1.4 ms. The grid side active and
reactive power tracking is shown in figure 6.17e. The active power injected to the grid
is zero while the reactive power is 0.5 PU. Actually the reactive current is 1.0 PU. The
rising time for both active and reactive power are 2ms and 1.1 ms, respectively. During
the LVRT case 4, the average switching frequency is around 408 Hz.

6.4.3 Thermal Analysis

Similar to DPC and VOC, a thermal analysis is conducted for the MS-MPDCC method.
The loss analysis during different operation points is shown in figure 6.18. There are four
operation points, i.e., wind speed 12ms~!, 10ms™!, 8ms~!, and LVRT with 0.3 PU
voltage dip. Compared to DPC (figure 5.24) and VOC (figure 5.13), MS-MPDCC has
the lowest switching losses considering the same operation point and same type of semi-
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Figure 6.18: Losses Analysis at Different Operation Points with MS-MPCDCC

conductors. For example, for the nominal operation point, P = 1.0 and @ = 0, the
switching losses of outer switch T for DPC, VOC and MS-MPDCC are around 6 kW,
5kW and 4 kW respectively. For inner switch 75 and neutral diode D, the same re-
lations can be found. The total switching losses of case 1 for these three methods are
39.62kW, 30.26 kW and 22.60 kW, respectively. The total conduction losses remain al-
most the same for the same operation point, which are 14.66 kW, 14.67 kW and 14.38 kW,
respectively. The data are summarized in table 6.3. Compared to the state of art VOC,
the MS-MPDCC can improve the power converter efficiency up to 0.14%, which may
lead to a profit for the whole wind farm.

Table 6.3: DPC, VOC and MS-MPDCC Comparison for Nominal Operation Point

Jfsww | THD | Per | Psr | Ploss Ul

Method Ty | ) | W) | aow) | W) | (%)
DPC 812 3.70 14.66 | 39.62 | 54.28 | 98.91
VOC 617 3.50 14.64 | 29.32 | 43.96 | 99.12

MS-MPDCC 439 3.60 14.38 | 22.60 | 36.98 | 99.26

However, it can be noted that the uneven losses distribution still exists, i.e., MS-
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MPDCC method does not improve the unbalances. Also, the LVRT operation does not
differ visibly compared to DPC or VOC. For different control parameters, variations
of the switching weighting factor and the boundaries, the loss distribution at nominal
operation point with MS-MPDCC is shown in figure 6.19. It can be found that most
switching losses are generated by the outer switch and neutral point diode. Employing
new generation semiconductors just for these two types of devices in three-level NPC
converter might be an alternative solution for balancing the losses and improving the
system efficiency. The four cases with different control parameters are shown in table
6.4. With the increasing of the weighting factor Ay, the average switching frequency
decreases. The corresponding average junction temperature of each semiconductor type
for the four operation points according to figure 6.18 are shown in figure 6.20. Compared
to DPC (figure 5.26) and VOC (figure 5.14), MS-MPDCC has the lowest temperature
considering the same operation point and same type of semiconductor. For example,
for the nominal operation point, the average junction temperature of outer switch Tj
for these three control method are around 95°C, 85°Cand 75°Crespectively. The same
relation can be found for the other semiconductors.

Table 6.4: MS-MPDCC Performance with different Control Parameters

Boundary | gy Y Anpp | foi7 | THD | Pross n
(PU) (Hz) | (%) | (kW) | (%)

0.20 0.03 | 0.62 | 0.35 | 593 | 2.61 | 47.20 | 99.06
0.20 0.13 | 0.72 | 0.15 | 439 | 3.60 | 36.98 | 98.26
0.20 0.15 | 0.70 | 0.15 | 390 4.3 | 3447 | 99.31
0.22 0.40 | 0.45 | 0.15 | 338 4.6 | 30.13 | 99.40
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Figure 6.20: Average Junction Temperature under Different Operation Points with
MS-MPCDCC

6.5 Multiple Steps MPDCC Experimental Results

In order to verify the principle of the multiple steps MPDCC further, the scaled down
system setup with 10 kVA described in Chapter 3 is used for the experimental validation.
Due to the processing power limitation of the hardware platform, the strategy with
switching horizon Ny = 2 and extrapolation is adopted. The sampling period Ty is
100 ps. The internal control parameters are kept consistent with the simulation, which
are summarized in table 6.5.

6.5.1 Steady State Performance

In order to present the advantages of linear extrapolation, figure 6.21 shows the exper-
imental results of MS-MPDCC at nominal operation point with N, = 0 first. The con-
verter current is well regulated. Like DPC, MPC has a variable switching frequency, the
FFT analysis of converter current has no obvious characteristic frequency but spreads
across all the frequency bands. The grid current and its FFT analysis are shown in fig-
ure 6.21c and figure 6.21d respectively. The high order frequency harmonics are filtered
noticeably while there is a clear 7" order harmonic caused by the LCL filter. The THD
of the grid current is around 3.2%. The grid side active and reactive power are shown
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Table 6.5: Control Parameters

Description Symbol  Value Unit
Control variable i1 - -
Control sequence {S,S.E} - -
Sampling Period T, 100 s
Reduced Switching Matrix Yes - -
Switching Horizon Ny 2 -
Control Boundary B 0.2 PU
Current Weighting Factor A 0.825 -
Switching Weighting Factor Asw 0.175 -
Normalization of Current I 20.41 A
AD Virtual Resistance for MV Ry, 0.45 PU
AD Virtual Resistance for LV R, 1.56 PU
AD HP-filter factor «Q 0.99 -

in 6.21e. Unity power factor is achieved. The observed and the measured converter side
currents (figure 6.21f) show that the designed Luenberger Observer works very well. In
order to reduce the calculation effort of the processor, the observer is implemented in
the FPGA. Figure 6.21g shows the observed converter current from CPU and FPGA.
Since extrapolation is not implemented, the average switching frequency is kept around
1200 Hz. The processor calculation time is around 35ps (figure 6.21i). The measured
DC-link voltage in figure 6.22 shows that the neutral point voltage is kept to 5.6% of
the half the DC-link voltage.

The experimental results of MS-MPDCC at nominal operation with extrapolation
are summarized in figure 6.23. The average switching frequency is reduced to be lower
than 500 Hz. The calculation time is increased to around 50 ps due to the additional
extrapolation calculation. Figure 6.23j shows the vector sequence candidates. It should
be noted that in order to limit the calculation effort the reduced switching matrix B.1
is adopted. The prediction steps are shown in figure 6.23k. The basic switching horizon
is 2 and the extension horizon can reach 7, so the maximum total prediction steps can
be up to 9.

6.5.2 Transient Performance

In order to analyse the dynamic performance of the MS-MPDCC methods, several
different steps are conducted. Two cases are shown in figure 6.25, which are startup and
active power change from 10 to 5kW. Figure 6.25a shows the startup converter side
current. It should be noted that the observed system status variables are not correct
before starting. So if the incorrect observed values are fed to the system, the system will
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Figure 6.21: Experimental Results of MS-MPDCC at 10kW with N, =0

800 400
20
— 750 — —~
k) = 2
& 700 1 § £ 350 XTI OGN
8700 g 0 5350
s S 3
650
-20
600 300
16 16.01 16.02 16.03 16.04 16.05 16 16.01 16.02 16.03 16.04 16.05 16 16.01 16.02 16.03 16.04 16.05
Time(s) Time(s) Time(s)

(a) DC-link Voltage

(b) Vdel — Vdc2

(c) vicr and vaca
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Figure 6.23: Experimental Results of MS-MPDCC at 10kW with Extrapolation

not start up normally. In the experiments, the filter capacitor voltage is replaced by the
grid voltage, and the grid current is replaced by the converter current for 200 ps during
the startup. Afterwards, the real observed capacitor voltage and grid current are fed
to the system. The rising time of the startup current is around 2.5 ms. It is interesting



132 Part III.  Grid Converter Control Strategies

800 400
20
~ 750 - -
> > >
T g b b by O T
8700 g o g 350
S S S
650
-20
600 300
25 2501 2502 25.03 25.04 25.05 25 2501 2502 25.03 25.04 25.05 25 2501 2502 25.03 25.04 25.05
Time(s) Time(s) Time(s)
(a) DC-link Voltage (b) Vder — Vdc2 (¢) vic1 and vgea

Figure 6.24: Experimental DC-link Voltage Performance of MS-MPDCC at 10 kW
with Ezxtension

20 20 400
< <
=3 =1 | kol
S o © 0 g 350
g 2 s
g 10 g 10 =
3 3
-20 -20 300
383 384 38 3.86 387 3.88 383 384 38 38 387 3.88 383 384 385 38 387 3.88
Time(s) Time(s) Time(s)

(a) Three Phase Converter (b) Converter Current in DQ (¢) Upper and Lower

Current Frame Capacitor Voltage
_ 20 _ 20 400

Pnstnap e i /NI A o 350 W

-10

Voltage(V)

Converter Current(A
(=} o

Converter Current(A
o

-2 -20 300
35.43 35.44 3545 3546 3547 3548 3543 3544 3545 3546 3547 35.48 35.43 3544 3545 3546 3547 3548
Time(s) Time(s) Time(s)

(d) Three Phase Converter (e) Converter Current in DQ (f) Upper and Lower
Current Frame Capacitor Voltage

Figure 6.25: Ezxperimental Transient Performance of MS-MPDCC at Startup and
Active Power Step from 10 to 5kW

to find that the upper and lower capacitor voltage are not balanced before starting,
which might be caused by a parameter mismatch in the used 12-pulse diode rectifier
or the input transformer. For the step down, the active power is changed from 10 to
5 kW, see figure 6.25d, 6.25e and 6.25f. The falling time is around 2.1 ms. The dynamic
performance of MS-MPDCC satisfies the general requirement of converter control.

6.6 Comparison of Single Step and Multiple Steps Prediction

In order to find the advantages of multiple steps prediction, the comparison between
the single step and multiple steps MPC is discussed in this section. The multiple
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steps prediction with the control sequence {S,S,E} (N, = 2) is adopted to compare
to the single step MPDC , which is actually equivalent with the control sequence {S}
(Ns; = 1), but without extrapolation. In order to find the essential differences, the
simulation conditions and the studied cases are kept as simple as possible. So two
constant individual voltage sources are assumed for this simulation comparison.

6.6.1 Steady State Performance Comparison

The results of the single step MPDCC at the nominal operation point are given in figure
6.26. In order to compare with multiple steps MPDCC shown in figure 6.9, two case
studies are designed:

I Keep io THD, average switching frequency comparison
II Keep average switching frequency, i THD comparison

Case I in figure 6.26 indicates that when the grid current THD is 4.2%, which
is consistent with figure 6.9, the average switching frequency is 736.35Hz, which is
much larger than the one with multiple steps (380.65 Hz). The results of case II is not
shown here, since the system has already gone out of operation. With the switching
frequency 380.65 Hz, the system with SS-MPDCC can not work properly. The steady
state performance with different switching frequencies for SS-MPDCC is shown in table
6.6. As expected, with the decreasing of the switching frequency, the THD of the grid
current increases. When the average switching frequency reaches 560.71 Hz, the THD
of grid current 75 exceeds the requirement of 5%. For comparison, the steady state
performance with different switching frequencies for MS-MPDCC is shown in table
6.7. Here, d; represents the current boundary. For a comparable THD, the switching
frequency of the MS-MPDCC is decreased by 40% to 50% compared to the SS-MPDCC,
which improves the system efficiency shown in table 6.8.

Table 6.6: Single Step MPDCC Steady State Performance

)\sw )\z gﬁ)}e [HZ} ’ig, THD[%]

0.00 1.00 949.34 3.5
0.01 0.99 736.35 4.2
0.02 0.98 560.71 5.8
0.03 0.97 516.94 11.2

6.6.2 Transient Performance Comparison

For the transient performance comparison, one case is simulated for both SS-MPDCC
and MS-MPDCC, which is:
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Figure 6.26: Single Steps MPDCC' at Nominal Point Operation

Table 6.7: Multiple Steps MPDCC' Steady State Performance

0;[PU], boundary  Asyy A wvelHz]) ig, THDI[%]

0.2 0.1 09 472.71 3.4
0.2 0.3 07 342.25 4.3
0.2 04 06 327.28 6.3
0.2 1.00 0.00 289.96 8.0

e Case A: Active Power drops to 0.5 PU and reactive power is zero.

Case A for MS-MPDCC is shown in figure 6.27. The active power reference drops
to 0.5 PU at 0.205s. In order to observe the dynamic process more clearly, the currents
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Table 6.8: SS- and MS-MPDCC Performance Comparison

ia, THDI[%] aveH z] ave reduction|%)
SS/MS SS/MS (SS-MS)/SS
3.5/3.4  949.34/472.71 50.2
42/43  736.35/342.25 53.5
5.8/6.3  560.71/327.28 416
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Figure 6.27: MS-MPDCC Case A-Active Power Drops to 0.5PU and Reactive
Power Is Zero

of both sides, converter side and grid side are shown in abc frame and dq frame. From
the figure 6.27b, it can be noted that the converter side current is well limited in the
boundary, which is 0.2 PU in this case. It also can be found that the q component is
not zero (i1q,ref = 0.118 PU), which is caused by the reactive compensation of the filter
capacitor. The dynamic of i14 is quite fast, and the falling time is around 2.2 ms. With
the LCL filter, the high order harmonics are greatly attenuated. The three phase grid
current is shown in figure 6.27c. According to figure 6.27d, the rising time (3.5ms)
becomes a little larger than for the converter side current due to the large capacitance
of the LCL filter. The active power and reactive power in figure 6.27e should have the
same dynamic as the grid side current, if the grid voltage is an ideal sinusoidal wave
according to equation 5.2.
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Figure 6.28: Case A-Active Power Drops to 0.5PU and Reactive Power Is Zero for
SS-MPDCC

The results for single step MPDCC for case A are shown in figure 6.28. Compared
with multiple steps prediction, the single step method has a faster dynamic performance.
In summary, no matter in which case, the rising time ¢,; of converter current and the
rising time t,o of grid current for single step MPDCC are generally smaller than the
ones using the multiple steps method. However, both performances are acceptable.

Table 6.9: Rising Time of Direct Axis Component Comparison (t,1/t,2)

Methods Case A[ms] Case B[ms]

SS-MPDCC  0.3/1.6 1.3/1.8
MS-MPDCC  2.2/3.5 2.5/2.6

6.7 Summary

Model based predictive control methods are studied in this chapter. First, the classifi-
cation of model predictive control is discussed. Among them, model predictive direct
control is a promising method, which is quite suitable for converter control due to the
inherent limited switching states. As the basis of the multiple steps method, single step
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model predictive direct current control is presented step by step, which consists of sys-
tem modelling, cost function formulation, current reference prediction and time delay
compensation. In order to decrease the cost and improve the reliability of the system,
a full state Luenberger observer is designed.

As the core of this chapter, the multiple steps MPDCC is presented in detail. By
employing the concept of receding horizon, multiple steps MPDCC is designed for the
MW level MV application. Since a low switching frequency can be achieved, which is
around 400 Hz, the switching losses will be decreased significantly.

In order to verify the correctness of the control strategy, the simulation for a 5 MVA
system is conducted. The multiple steps MPDCC has a good performance in both
dynamic and steady state. A scaled down LV three-level NPC converter with LCL filter
testbench (10kVA) is used for experimental validation.

Finally, the advantage of using multiple steps is proved through comparing with
single step MPDCC. At the same conditions, MS-MPDCC can achieve better current
quality with low switching frequency compared to SS-MPDCC. SS-MPDCC has slightly
better dynamics, though.

Additionally, a thermal analysis is conducted for MS-MPDCC. As MS-MPDCC can
achieve a low switching frequency, compared to DPC and VOC, MS-MPDCC has the
lowest switching losses and average junction temperature for the same operation point
and same type of semiconductors.
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7 Backstepping Control

The previous chapters have investigated the state of the art control algorithms, VOC
and DPC, discussed in chapter 5. As an alternative, MPC is studied systematically
in chapter 6, including the SS-MPC and MS-MPC. The later one can good excellent
performance with extremely low switching frequency, e.g. lower than 500 Hz. This
property can help MV power conversion systems to achieve better efficiency. The MS-
MPC might be intensively developed in the next years.

However, there are also several drawbacks, for example, high computation effort,
the steady state error, no systematic methods for weighting factor design and limited
capability of disturbance rejection. Another issue is the fact that during operation, the
real system parameters might change, which will causes a mismatch with the control
model parameters used for prediction. Control errors might arise if the mismatch is too
large. In order to overcome this drawback, this chapter presents a non-linear controller
for the grid converter control based on Lyapunov function, so that zero steady-state
error can be obtained for tracking the grid currents.

7.1 Overview of Backstepping Control

Backstepping control (BSC) was mainly introduced in the early 90s by Petar V. Koko-
tovic, and was considered as a breakthrough for nonlinear control. In reality, most of
real physical systems are nonlinear and especially parameter uncertainties are inevitable.
As described in reference [173], the ease that backstepping incorporated uncertainties
and unknown parameters makes it instantly popular and rapidly accepted.

In the past decades, many nonlinear control design approaches, such as variable
structure control (e.g., Sliding mode Control) [174], Lyapunov Redesign [175] and back-
stepping control [173] have been proposed. The backstepping approach is a recursive
Lyapunov-based method, which has the flexibility to avoid cancellations of useful non-
linearities and implement regulation and tracking properties [176]. By employing this
method, the construction of feedback control laws and Lyapunov functions are system-
atic, following a step by step controller design. The backstepping method is addressed
by Krstic, Kanellakopoulos and Kokotovic in reference [177]. This backstepping design
formulation was first applied to electrical machines in [178], where it was used to design
a nonlinear feedback control for an induction machine without flux measurements and
assuming that all the parameters of the system are known. Reference [179] presents the
current tracking control via an adaptive backstepping approach for a three phase PWM
AC-DC converter. Backstepping control adopted for an active power filter with LCL
filter is presented in [180]. A combination of adaptive control, neural network control
and backstepping control was introduced for three phase active power filters to improve
the control performance [181]. In reference [182], the backstepping control combining
direct power control without phase-locked loop is used for AC/DC converter control at
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both balanced and unbalanced grid conditions.

With the power system becoming more complex, many system parameter uncertainty
increases. It is necessary to develop robust and adaptive control approaches to deal
with this issue. Among the variety of advanced nonlinear controls, backstepping is an
attractive method since it does not ignore any high order nonlinear terms and maintains
global system nonlinearity. Especially for the application of grid converter with LCL
filters, no additional passive or active damping is needed. The high order frequency
harmonics can be easily attenuated through the LCL filter. However, its attenuation
for low order harmonics is weak. Especially for a low resonance frequency design of
the LCL circuit, which is normally chosen in MV and high power applications due to
the low converter switching frequency, low order harmonics are problematic and can
cause resonance problems. Low order harmonics are existing commonly in the real grid
due to nonlinear loads, so the reduction and suppression of low order harmonics needs
to be solved. Reference [82] presents a novel harmonic impedance expression to study
the effects of power supply distortion on the harmonic performance of the system. Full
feedforward of the grid voltage is applied to eliminate the grid voltage effects on the
grid currents [183,184]. Reference [185] proposes a feedforward scheme based on a band
pass filter to revise the output admittance which can reduce the effects of the distorted
grid voltage. Reference [186] presents an adaptive control based on backstepping to
improve the dynamic performance of voltage source converters in high voltage direct
current applications. However, the disturbance of grid voltage is not considered.

In summary, backstepping control is becoming a promising non-linear approach to
control grid converter with LCL filter in balanced and unbalanced grid voltage appli-
cations, especially handling the system parameter uncertainties. Figure 7.1 shows the
overview of backstepping control for grid converters with LCL-filter. The detailed design
will be explained in the next subsections.

7.2 Controller Design of Backstepping Control

In this section, a backstepping controller will be designed for the LCL-based three-
phase three-level NPC grid-connected inverter. The objective is to achieve that the grid
current iy is tracking the grid current reference i, with zero steady-state error in the
case of low order harmonics existing in the grid voltage. The system model is given by
equation 7.1 [83], where 1) = iy is the grid side current; za, = vk is the capacitor
voltage; x3r = i1} is the converter side current; uy is the output voltage of the converter;
and vy, is the grid voltage. In the a3 coordinate system, & = «, 8. The dynamic system
(equation 7.1) is identical for o and 3, so it is sufficient to design the current controller
for k = «, and use the same controller also for the 8 axis.
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In the following, a step-to-step procedure for the controller of the grid current track-
ing is given applying the backstepping theory [177]. First, we define the system errors
as:

€1 = Tip — Ty (7.2)

€2 = Top — Thy, (7.3)
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€3 = Tz — Ty, (7.4)

where 7, is the grid current reference; «%, and %, are virtual control variables (similar
with the references of capacitor voltage and converter current).

7.2.1 Controller Design

Step 1: Forming the derivative of both sides of equation 7.2 and applying equation
7.1, the dynamics of the grid current error e; can be deduced as equation 7.5, and a
Lyapunov function V; is chosen according to equation 7.6:

. ) . R 1 1 .
€1 = Z1p — I, = —L—jxlk + L—2x2k - L—2vgk — &7 (7.5)
2
e
Vi = 51 (7.6)

We define the virtual control variable 7, :

Ty, = Lo (%xm + L%Ug/c + &7y, — klel) (7.7)
= Rgxlk + Vgk + Lg.i‘qk — k‘1L2€1

Using equation 7.3, 7.5, 7.6 and 7.7, the derivative of the Lyapunov function V;
(equation 7.6) can be easily calculated as:

T S — Ry 1 r 1 T

Vi=eér=e (_E$1k + 75 (€2 +2%) — 70k — 931k) (7.8)
2 1 )

= —k;161 + 726162

Step 2: Similar to step 1, the dynamics of the system error e; and a Lyapunov
function V5 can be derived:

S 1 1 '
€o = dop — &by, = —C—fxlk + C—f:zjg,k — &by (7.9)
2 2
€1 | &
Vo=—+-—= 7.10
2= 5+ (7.10)

Choose the virtual control variable x%; as:

1 . 1
l‘gk = Cf (CT«xlk + :Egk — Lf261 — k262)

s (7.11)
=z + Cpdly, — L—gel — kaoCles

Based on 7.4, 7.8, 7.10 and 7.11, we find the derivative of the Lyapunov function V5:
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Vo = e1é1 + exés
= —kie? + L%eleg + ey (—C%l‘lk + C%(@g +ah,) — :bgk) (7.12)
= —kle% — kgeg + C%egeg

Step 3: Finally, based on 7.4 and the system equation 7.1, the derivative of the

system error es can be represented by equation 7.13. To prove the stability and analyze
the steady-state accuracy, we introduce the Lyapunov function equation 7.14.

o o 1 R 1 .
ég = &3 — Xy, = —L—lxgk — fix3k + L—luk — &y, (7.13)
e2 e €2
V3=51+52+53 (7.14)

Design the controller uy as:

1 R . 1
up = Ly (flxzk + TrTsk + Ty, — gyl - k’363)

O (7.15)
= ok + Razgp + Ladhy, — Grea — ks3Lies

The designed controller output wuy is a function of physical variables (z1x, T2k, Z3k),
reference variable (z7,) and grid voltage (vqx), including several derivatives of reference
variable and grid voltage. Due to the complexity of the expression of wuy, the final
expression is not given explicitly here. However, the stability of the controller is proved
in the following section. Additionally, for the whole system, no PLL is used. Since the
active and reactive power are the controlled objectives, the grid side current references
are calculated through equations 7.16 and 7.17, where V, ,, denotes the amplitude of
the grid phase voltage.

_ 3 . .
P = 5(vgaiga + vgpigp)
(7.16)
_ 3 . .
Q = 5(vgpiga — Vgalgp)
i _ Pvga+Qvgﬁ _ PvgaJergﬁ
go %(vfm-‘rvgﬁ) %Vg%m
(7.17)
ia = Pvgp—Quga _ Pugg—Quga
98 = Fwz Av2,) Ve

7.2.2 Stability Analysis

In the view of equation 7.8, 7.13, 7.14 and 7.15, the derivative of the Lyapunov function
V3 can be deduced by:
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Vi = e1€1 + egéa + e3é3

_ 2 2 1 1 R 1 .7

= —kie] — koe5 + Ty c2e3 +e3 (—L—lxgk — IrTak + g UR — xgk) (7.18)
= —k1€% — kgeg — ]4136%

According to the Lyapunov theorem [177] and equation 7.14 and 7.18, the system is
asymptotically stable with positive ki, k2, and k3. We achieve:

tii?oo ep = tiiinoo (1 —27) =0 (7.19)
tiigloo eg = tiiinoo (xor, —xhy,) =0 (7.20)
tk?oo es = tlginoo (x3r, —x5,) =0 (7.21)

From equation 7.19, 7.20 and 7.21, the error between the reference variables and
physical variables becomes zero. The control objective is obtained.

In order to reduce the complexity of the controller and in the case of ensuring system
stability, a modified backstepping controller is designed for the system. Equation 7.11
and 7.15 are simplified as (7.22) and (7.23),

w3y, = L1k + Cpiy, — kaCren (7.22)

ug = Top + Rixsy + L%y, — ksLies (7.23)

and the simplified system matrix in 7.24 is achieved. The system matrix is an upper
triangular matrix. The controller parameters, ki, k2 and k3 and can be easily tuned to
get the system stable.

él _kl LLQ 0 €1
éQ = 0 *kg Cif €9 (724)
€3 0 0 —ksg e3

These control parameters can also be obtained by solving the equation 7.24 consider-
ing the performance specification in the time domain. The system error state equation
7.24 is a linear time invariant (LTI) free motion without input control. The solution of
the error system can be expressed as:

x(t) = ex(0) (7.25)

where x represents the error state variables [ er ey e3 ]T. The matrix sI — A and
(sI — A)~! are derived as:
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5+k1 71/L2 0
sI— A= 0  s+k —1/Cf (7.26)
0 0 S+k’3

1 1 1
L s+kq L2(3+]€11)(S+k2) LQCf (S+k1)(15+k2)(5+k3)
(sl —A)"" = (51k2) TR () (7.27)
(s+ka)

By employing inverse Laplace transformation, the state transition matrix can be
achieved:

B(t) = L1 (s] — A)!

ey (e_:lt e 1 Mk k (7.28)
— kot —kot —kst .
= 0 e he Ry e e
0 0 e kst
where

1 1 1 1 1
M = ekt = ket _ — e 3t (7.29
LQCf(kQ—kl)[k‘g—kl k’g—k’g k‘3—k‘1 k‘3—k2) } ( )

So the solution of the error system can be described as:

x(t) = @(t)x(0) (7.30)
If the convergence time of ez is set to 0.001s for 5% error band of the initial error
value e3(0) , it can be obtained:
e3(0.001)
e(0)

So it can be derived that k3 = 2996. Similarly, the other two controller parameters can
be designed to ko = 1210 and k; = 1049.

e3(t) = e Mle(0) = = ¢ Fa 0001 — g 05 (7.31)

7.3 Observer based Backstepping Control

The basic observer design method has been discussed in subsection 6.2.3. Since the BSC
controller is identical for both « and [ axis, the observer can be designed for one axis,
and the same observer will be used for the other axis. From the system equation 7.1,
the system is a third order system. The observer system matrix Ag, input matrix By,
disturbance matrix Py and the feedforward matrix Dy respectively are:
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~Ry/Ly 1/Ls 0
A= | -1C; 0 1/Cy (7.32)
0 -1/Ly —R:i/L;
0
By=| 0 (7.33)
1/L,
Co = eye(3) (7.34)
Do=1]00 0 |" (7.35)

Since the three state variables are needed for the feedback, the output matrix is
designed as unity matrix. It should be noted that actually the converter side current
is measured. However, the observed converter side current is preferred to use due to
the inherent low pass filter function of the observer. The system should have three
poles, and for simplicity, select two of them as dominant poles and the third one as
non-dominant pole. The second order specification based calculation is as follows:

oc% =e Vit (7.36)
T
= — 7.37
= (7.37)
wp = wn\/l — 262 4 /2 —4€2 1 4¢8 (7.38)

where ¢ and w, are the damping ratio and natural frequency. o% is the overshoot
and t, is the peak time. wj is the system bandwidth. If the system overshoot and
peak time are designed to 5% and 0.001 s respectively, the damping ratio and natural
frequency can be calculated by employing equations 7.36 and 7.37, which are £ = 0.69
and w, = 4341rads~'(690Hz). The bandwidth of the system can be achieved via
equation 7.38, which is wj, = 4453rads~!(707 Hz). The system closed loop dominant
poles can be derived:

A2 = —Ewy £ jwp/1 — &2 = 2996 £ 31425 (7.39)
The non-dominant pole can be assigned to A3 = —10w, = —4.3 x 10*. So the

observer system poles can be expressed as:
Observer P = [ A A A3 ] (7.40)

According to equation 6.30, the eigenvalue of the observer system matrix can be
further deduced as:
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Ay = LC,) = Al(A, — LC,)|" = AN(AT — CTLT) (7.41)

By employing pole placement controller design, the observer output feedback matrix
L can be deduced as:

Lt = acker(Ajy, Cp, Observer _P) (7.42)

where Cp = [ 0 0 1 ]7 and "acker' is a pole placement design function for single-
input systems in Matlab.

7.4 Simulation Results

First, the proposed controller is verified with a numerical simulation study using MAT-
LAB/Simulink. The system parameters used in simulation can be found in the MV
value column given in table 5.5 with the PU base values given in table 3.3. The follow-
ing subsection will present the steady state, the transient performance of BSC control
and the performance under non-ideal grid voltage.

The parameters for the proposed controller are based on the methods discussed
in subsection 7.2.2. The sampling time is chosen as 20 ps, the switching frequency is
1050 Hz. Based on simulation studies, it is found that higher switching frequency (e.g.,
10kHz) or lower sampling period (e.g., 20ns) can improve the BSC, e.g., achieving
low harmonics. A zero steady state error can be easily obtained by average model in
simulation. In order to reduce the sensors, a full state Luenberger observer is employed
in the simulation.

7.4.1 Steady State Performance

At first, the nominal operation is selected for the BSC method validation. The sim-
ulation results with BSC for the MV 5 MVA wind turbine are presented in figure 7.2.
Figure 7.2a shows that a pure sinusoidal grid voltage (PCC) is assumed. The three-
phase converter current is shown in figure 7.2b, which is well regulated. The grid current
is controlled in the af frame. The FFT analysis of the converter current is shown in
figure 7.2c. Since the modulator and the neutral point voltage control are used, the
harmonics spectrum has clear characteristic at around 2000 Hz and its multiple values,
which is similar to the VOC (figure 5.9¢). The three-phase grid current and its FFT
analysis are shown in figure 7.2d and figure 7.2e. It is obvious that the grid current is
well regulated without any damping with a THD of 2.2%. Both a and 8 components of
the grid current are well tracked. The tracking errors for both components are shown in
figure 7.2g, which proves the controller parameter design. The active power and reactive
power tracking are shown in figure 7.2h. Since the grid current is directly controlled, no
reactive power compensation is needed, unlike the case of VOC and DPC, and active
and reactive power can be accurately controlled. The three phase converter voltage
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Figure 7.2: Backstepping Control under Nominal Operation Point

is shown in figure 7.2i. It can be noted that the BSC method has similar switching
transitions as the VOC (figure 5.9i).

The DC-link voltage balancing is shown in figure 7.3. The same balancing method
is adopted as for the VOC. Both upper and lower capacitor voltage (v4e1 and vge2) are
well limited within 0.5% of half the DC-link voltage. The average frequency is around
588 Hz, which is the same level as the VOC (figure 5.9h).

7.4.2 Transient Performance

The transient performance is further investigated for evaluation of the BSC algorithm.
In order to test the BSC at different operation conditions, two cases are designed as
following:
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e Case A: Active Power drops to 0.5 PU and reactive power is zero

o Case B: Active Power drops to 0PU and recovers to nominal operation while
reactive power is zero

The simulation results of case A are given in figure 7.4. The active power reference
drops down to 50% of nominal power at 0.205s, while the reactive power is zero. The
grid voltage is still symmetrical and sinusoidal. Figure 7.4a shows the three phase
converter current transients, which are well controlled and very fast. The grid current
is directly controlled in af frame. Figure 7.4b and figure 7.4c illustrate the grid current
in abc frame and tracking performance in o frame, respectively. It shows a very good
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dynamics, which is fast and even without obvious overshoot. The rising time is 6.4 ms.
The tracking error is shown in figure 7.4d. The system active and reactive power tracking
(figure 7.4e) has a good dynamic performance.

In order to test the control algorithm during a severe scenario, case B is analysed
verification. The active power drops to 0 PU and recovers to the nominal point while
the reactive power is zero. Figure 7.5a shows the three phase converter side current.
It can be noted that the converter current is not zero while the active and reactive
power are set to zero, which is used for the capacitor reactive compensation. This is the
same as for MS-MPDCC control figure 7?7, where the converter current is controlled.
Figure 7.5b shows the well controlled three phase grid current, and figure 7.5¢ the grid
current in «f frame. At 1.005s instant, there is a big step (1PU) for i;,. However,
the transition is very smooth. The falling time is 6.3 ms. At 1.105s instant, the active
power reference is set to nominal value again. It can be noted that the current does

not have a big overshoot. The rising time is 6.6 ms. The grid current error is shown in
figure 7.5d.

7.4.3 Thermal Analysis

Loss Analysis The loss analysis for different operation conditions is shown in figure
7.6. It is proved again that the loss distribution for three-level NPC converters is
unbalanced. The conduction losses depend on the operation points, so they are almost
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Figure 7.6: Losses Analysis at Different Operation Points with BSC

Table 7.1: BSC Control with different Switching Frequencies at Nominal Operation

fW THD -Ploss 77
(Hz) | (%) | (kW) | (%)

957 | 2.16 | 70.10 | 98.60
749 | 2.38 | 54.37 | 98.91
598 | 3.80 | 42.89 | 99.14
501 | 7.03 | 34.61 | 99.31

the same as for the previous three methods. Compared to the VOC (figure 5.13), BSC
has not achieved lower switching losses. Especially, for the LVRT with voltage dip
0.3 PU, the losses of outer switches are obviously increased compared to VOC. For the
same operation point, e.g., nominal operation, loss analysis with different switching
frequencies is also conducted, and shown in figure 7.7. Information on the switching
frequencies is given in table 7.1. It can be noted that THD and losses are in the same
range with VOC (table 5.9).
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Figure 7.7: Loss Distribution for Different Switching Frequencies at Nominal
Operation Point with BSC (Refer to table 7.1)

Temperature Estimation The average junction temperature estimation for different
operation points is shown in figure 7.8. Corresponding to the loss distribution, the
temperature estimation for the semiconductors is uneven either, and the BSC method
has much higher temperature stress during the LVRT operation. The average junction
temperature for different control parameters and nominal operation is shown in figure
7.9. In the first case, the average junction temperature of T; has already reached 115°C,
which is near to the maximum operation value 125°C. From table 7.1, the average
frequency for this case is around 957 Hz. This shows that the selected MV IGBT should
operate below 1000 Hz.

7.4.4 Performance under Abnormal Grid Voltage

Balanced Grid Voltage Dips As designed in section 5.4.1, two cases with balanced
grid voltage dip are also conducted for the BSC method. Case 3, three-phase grid volt-
age drops to 0.7 PU (at 0.66s) is shown in figure 7.10. The converter and grid currents
are shown in figure 7.10b and figure 7.10c, respectively. Both are well regulated. The
dynamics can be seen from the grid side active and reactive power in figure 7.10d. The
rising times of active and reactive power are 2.8 ms and 4.6 ms, indicating a good dy-
namics. The average switching frequency around 1031 Hz for case 3, is slightly increased
compared to normal operation (figure 7.3a). The upper and lower capacitor voltage is
well controlled in the boundary, 1% of half the DC-link voltage.

Case 4, three-phase grid voltage drops to 0.5 PU, is shown in figure 7.11. There is
an overshoot of the converter and grid current (7.11b and 7.11c) which is around 1.5 PU
phase current. The dynamic is very fast which can be seen clearly in the grid side
injected power tracking (figure 7.11d). The rising time of the active power is around
4.3ms and for the reactive power is around 6.2ms. During the LVRT, the average
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switching frequency is around 866 Hz lower than in case 3. Especially, the switching
frequency for outer switch 77 and inner switch 75 are 725 Hz and 1000 Hz respectively.
For compromise, the DC-link voltage balancing slightly leaves the boundary. However,
the difference between upper and lower capacitor voltage is still under 2 % of half DC-
link voltage.
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Figure 7.12: BSC Grid Voltage Phase B Drops to 75% of the Rated Value at 0.505s

Unbalanced Grid Voltage Dips In order to verify the robustness of the BSC
method, an unbalanced grid voltage is analysed. Figure 7.12 shows the results with
grid voltage phase B dropping to 75% of the rated value. It is assumed that the con-
trol objective during unbalanced grid voltage is to control the grid current to be still
symmetrical. At non-ideal grid voltage, the grid current reference can not be calculated
by employing equation 7.17. Here, the grid current reference is directly given as pure
sinusoidal signal in af frame. The two pure sinusoidal signals references can be found
in figure 7.12d. The tracking error of the grid side current is shown in figure 7.12e. The
steady state error is controlled inside of a 10% error band. Due the unbalanced grid
voltage, the injected active and reactive power are oscillating as shown in figure 7.12f.

Distorted Grid Voltage Besides an unbalanced grid voltage which happens under
grid faults, a distorted grid voltage is quite common in power systems. In order to eval-
uated the BSC during distorted grid voltage, the fifth and seventh order harmonics with
an amplitude 5% of the rated value are injected in the grid voltage (figure 7.13a,7.13Db).
The most important advantage of BSC is that it can generally suppress the grid cur-
rent harmonics without an additional control structure. The controlled grid current is
shown in figure 7.13e, its FFT analysis in figure 7.13f. The low order harmonics are
suppressed in the grid current, and the THD is only 2.1%. This means the BSC method
can handle the grid current harmonics caused by a distorted grid voltage effectively. It
should be noted that for a better performance, the controller parameter ki,ks and k3
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have been increased with 1.5 margin. The current tracking in the «f frame is shown
in figure 7.13g, the tracking error in figure 7.13h, which indicates the steady state er-
ror is well regulated in the 5% error band. The main reason for this is that the BSC
method has considered the grid voltage in the nonlinear control design process. So the
control variables (uq,5) contain the relevant information for the modulation process,
which modulates the converter voltage so that the current contains relevant order har-
monics, seen in figure 7.13¢ and figure 7.13d. From the FFT analysis it can be noted
that besides the characteristic frequency spectrum around the switching frequency and
its multiples, the fifth and seventh order harmonics appear. Due to the distorted grid
voltage, the fifth and seventh order harmonics exist in the capacitor current. According
to the Kirchhoff current law, io = i1 —i., the grid current will not contain relevant order
harmonics. Due to the fifth and seventh order 5 % amplitude grid voltage injection, the
reactive power has a ripple with 300 Hz.

7.4.5 Performance with Parameter Mismatch

Due to the power system becoming more complex, the grid impedance varies commonly,
and a parameter mismatch is expected, i.e., that the parameters in the controller are
different from the real physical values. This could be improved by adaptive control which
can identify real values and adjust the controller parameters accordingly. However, this
will make the controller more complicated. Another way to solve this problem is to
improve the robustness of the controller for parameter mismatch. In order to verify
the operation of BSC with parameter mismatch, two cases are studied. Keeping the
controller parameters the same, the first case is to increase the Lo to 150% of its original
value, and the second one is to decrease Ly to 50% of its original value. The results
of both cases are shown in figure 7.14 and figure 7.15. It can be found that a 50%
mismatch of parameter Lo does not obviously affect the system performance. Only is
the reactive power has a slight steady state error, which can be accepted.

7.5 Summary

In this chapter, the backstepping method is introduced and improved for grid converter
control with LCL filter applications. BSC is a nonlinear controller based on the Lya-
punov function, and zero steady state error can be achieved theoretically. First, an
overview of the BSC method is described in subsection 7.1. The origin of BSC and
the development and applications are discussed. Until now, there are few applications
for power converter control. However, due to its advantages, e.g., general suppression
of grid current harmonics, zero steady state error, nonlinear characteristics handling
and good dynamic performance, BSC becomes an attractive control method for power
converter control.

Second, backstepping controller design is discussed step by step. The stability anal-
ysis is conducted by employing the Lyapunov theorem. Since the BSC needs the full
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Figure 7.13: BSC Grid Voltage Contains 5% of the Fundamental Amplitude
Harmonics at 5th and 7th Order

information of states, in order to reduce the measurement sensors, a full state Luenberg
observer design including the feedback matrix selection is presented in subsection 7.3.

Finally, simulations have been conducted for the verification of BSC at different
scenarios. The results prove that BSC has been implemented correctly and can be
successfully applied for power converter control.
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Figure 7.15: BSC Grid Impedance Lo Mismatch with 50% less than Initial Value
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Conclusions

8 Summary and Outlook

8.1 Summary and Contribution

With the development of renewable energy power generation all over the world, grid con-
verters are becoming a key equipment between the power generation and the grid. This
thesis focuses on MV grid current control of megawatt wind energy conversion systems.
For the investigation, first, a megawatt wind energy conversion system is designed. Key
parts of the system are modelled in Chapter 3, including the grid converter, the DC-
link capacitor, the LCL filter and the PCC voltage. In order to verify the algorithms
practically, a scaled down low voltage system setup is also designed and built in the lab-
oratory. For controlling the grid side converters with the LCL filter, stability analysis is
conducted regarding two current feedback options, which are grid current feedback con-
trol and converter current feedback control. The stability range considering sampling
frequency and resonance frequency is derived. In order to damp the resonances of the
LCL filter, both passive damping and active damping methods are analysed in detail,
and active damping is implemented for MPC. For grid converter control, it is necessary
to fulfil the grid code in different operation modes. The latest grid codes of different
countries and areas are collected, and especially the German grid code regarding fault
ride-through is studied. Besides stability and power quality, thermal performance is an
aspect for evaluation of the system. Loss analysis and temperature estimation methods
are introduced in Chapter 4. Based on the results of Chapter 3 and 4, grid converter
control strategies are investigated in Chapter 5. Voltage Oriented Control (VOC) is
the state of the art grid converter control method, which is a mature control strategy
used in industry. However, it is difficult to improve the performance of the classic VOC.
Due to this reason, several control strategies are investigated, i.e., Direct Power Control
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(DPC), Model Predictive Control (MPC) and Backstepping Control (BSC). DPC and
MPC are two direct control methods without modulation process, while BSC is imple-
mented with modulation, and therefore belongs to the indirect control methods. For
MPC, both single step MPDCC and multiple steps MPDCC are investigated.

Based on the analysis results of these control methods, a spider chart is exhibited
in figure 8.1. Three specifications concerning steady state, average switching frequency,
THD and efficiency, and two specifications concerning transients, rising time and over-
shoot are illustrated for a 0.7PU Voltage Dip. It can be found that among the four
methods, Multiple Steps MPDCC can achieve the best efficiency with the lowest aver-
age switching frequency considering the same level of THD. However, for the transients,
MS-MPDCC might react a bit slower but still in a reasonable range.

Ave.Sw. Frequency (0:200:1000 Hz)

(0.‘]0%.'50%) ) (0..1%..5%)

Overshoot - THD VOC
—— DPC
— MSMPDCC
— BSC
(0:1:5 ms) (89.9%:0.1%:90.4%)
Rising Time Efficiency

Figure 8.1: Spider Chart Comparing the VOC, DPC, DPC and MSMPDCC in
Terms of Average Switching Frequency (Ave.Sw.Frequency), THD, Efficiency, Step
Response Rising Time and Overshoot with 0.7 PU Voltage Dip

The objective of this thesis is to try to find a current control strategy to improve
the efficiency of large wind energy conversion systems without sacrificing dynamic per-
formance, steady state performance and power quality. In order to evaluate the four
mentioned control strategies, both normal and abnormal operation at several typical
operation points are investigated considering the dynamic, steady state, LVRT and
thermal analysis. It can be found that MS-MPDCC can achieve the lowest switching
frequency meanwhile the THD of the current is kept below 5% which complies with
the grid code. The main contributions of this thesis to the state of the art can be
summarized as follows:
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— Power Electronics Design for Megawatt WECS with MV Multi-level
Converter

As reviewed in table 1.1, there are few MV multi-level converter WECS in the
market. However, with the increasing of single wind turbine power rating, the MV
converter WECS is a promising alternative for the next generation wind turbines. This
thesis presents and discusses the most important power electronics parts of WECS in
detail, and gives particular design methods from the electrical engineering perspective.

— Proposed Multiple Steps Prediction Control for Grid Converter

The switching frequency of a MV converter is a limitation for the converter operation.
The switching frequency is directly connected to the semiconductor losses, reliability,
current quality and grid filter design. LCL filters have been proved a superior filter
type for MV converters compared to a single L filter. In order to reduce the switching
frequency further, multiple steps model predictive direct current control is proposed for
the grid converter control. In order to reduce the sensor quantity, a full order observer
is developed. Active damping is proposed for the system to eliminate damping losses.
With these three approaches, the WECS performance can be noticeably improved in
terms of efficiency.

— Proposed Advanced Non-linear Control for Grid Converter

With the systems becoming more complex, the grid impedance and other system
parameters might change all the time. This will cause a mismatch between the predic-
tive model and the real system, which might lead to unexpected control errors. In order
to solve these problems, an advanced non-linear control is proposed. The control per-
formance has been verified in simulation for unsymmetrical faults, parameter mismatch
and distorted grid voltage.

— Comprehensive Comparison of Grid Converter Control Strategies

A comprehensive comparison among the state of the art, i.e., VOC, DPC, the emerg-
ing model predictive control including single step and multiple steps solutions and the
advanced non-linear control, backstepping control has been conducted in terms of tran-
sient, steady state, LVRT, thermal performance and efficiency. This investigation forms
a good base for further research.

8.2 Further Research Perspectives

Although several aspects regarding power electronics for megawatt WECS have been
discussed and investigated in detail, there are still many open research points. Some of
them are listed below:
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— In this thesis, three-level NPC is chosen as the grid converter. Due to the voltage
limit of the semiconductors, it is difficult to achieve a voltage level like 33kV to
directly connect the MV grid without a transformer. A transformer-less WECS
could be implemented with other topologies, e.g., series-connected H-Bridges, or
with new generation semiconductors with high blocking voltage. This is an inter-
esting research point for future wind turbines.

— For the active damping implementation, a virtual resistor is a common concept
which is adopted here. However, the optimal resistance for different operation
points could be a research point for the active damping improvement. Also differ-
ent active damping methods comparison is an interesting point.

— In the thesis, the LCL-filter is designed assuming the spectrum of space vector
modulation, which is not optimal for other direct control without modulator, e.g.,
DPC and MPC. The LCL-filter optimization for these methods is an important
research point.

— For the LVRT, only symmetrical grid faults are considered in the thesis. Unsym-
metrical grid faults are definitively a crucial scenario which needs to be researched.
Especially for the backstepping control, due to its superior robustness, unsymmet-
rical faults are not a big challenge. It is valuable to compare the control algorithms
performance for the unsymmetrical faults.

Moreover, evaluating on the power converters based on the new generation power
semiconductors, e.g., SiC, considering the thermal performance is an interesting point
as well. Besides those technical topics, the development and implementation of MV
wind energy conversion system from the cost view is very important and valuable for
investigation.
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Appendix

A Scaled Low Voltage Setup
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Figure A.1: 10KVA Three Phase Three-level (A)NPC Back-to-back Power

Conversion System Test Bench

A.1 Control System

The PLC is the connecting link between the dSPACE control system and the drive train.
It is designed to implement a basic but yet extendable model of a wind turbine.
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Figure A.2: PLC Touch-enabled Display and dSPACE Control System

Principally, with this PLC, not only the characteristic curves of wind profiles and
wind turbines but also curves of other generators with a multi-dimensional character-
istics can be provided. The curves can be changed online during the operation e.g. to
represent effects of pitch control.

The control hardware allows to implement several independent PWM carriers for
the multilevel converters. Due to the two FPGAs, it is possible to realize different con-
trol algorithms, e.g., a standard cascaded control or a model predictive control scheme
independently for each converter. This allows a detailed investigation of the grid com-
pliance including fault cases [16,97,101]. The outside view of the dSAPCE SCALEXIO
system is shown in figure A.2b. There are two DS2655 FPGA Base Module, and each
of them has two DS2655M1 I/O Modules. Two I/O modules are used for generator side
converter control and the other two are used for grid side converter control.

The internal structure of the FPGA module and I/O module are shown in figure
A.3a and figure A.3b respectively [188].

A.2 Power Converter

The grid side power converter including IGBT modules, drivers and heat sinks is shown
in figure A.4a.

A.3 LCL Filter
The grid side LCL filter is shown in figure A.4b.
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supply interface

i i Stgéf Controller
l«——=[ 1/0 module slot 1

Controller FPGA
Lo+
f=——={ 1/0 module slot 5 | ADC | | DAC 10

l 5% 5% 10x
Status i t
LEDs Sub-D connector

(a) DS2655 FPGA Base Module (b) DS2655M1 1/0 Module

Figure A.3: Internal Structure of dSAPCE SCALEXIO System

T = 1 2= 5 .
(a) IGBT Modules, Drivers and Heat Sinks (b) LCL Filter

Figure A.4: Power Converter and LCL Fitler
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B Switching Matrix for MPC

13 0 3 5 7 9 11 13 16 18 20 22 24 26
4 1 4 812 0 0 0 O O O 0 0 O
4 2 6 10 4 0 0 O O O O O O0 O
6 3 0 6 14 16 26 0 O 0O O 0O 0 O
5 4 1 5131 0 0 0 0 0 0 0 O
6 5 0 4 8 16 18 0 O O O 0 0 O
5 6 2 3 717 0 O O O O 0 0 O
6 7 0 6 10 18 20 0 0 O O O 0 O
5 8 15 919 0 0 0 0 0 0 0 O
6 9 0 8 12 20 22 0 O O O O O O
5 10 2 7122 0 O O O O 0O 0 O
6 11 0 10 14 22 24 0 O O O O O O
5 12 1 91323 0 0 0 O O 0 0 O

Mse = 6 13 0 4 12 24 26 0 O O O O O O (B.1)
5 14 2 31 25 0 O O O O 0 0 O
4 15 4 16 26 0 0 0 O O 0 0 0 O
6 16 0o 3 51 17 0 0 0 0 0 0 O
4 17 6 16 18 0 0 O O O O O O O
6 18 o 5 717 19 0 O 0 0 0 0 O
4 19 8§ 18 20 0 0 O O O O O O O
6 20 o 7 91921 0 O O 0O 0 0 O
4 21 10 20 2 0 0 0 0 0 0 0 0 O
6 22 0 9 11 21 23 0 O O O O O O
4 23 12 22 24 0 0 O O O O O O O
6 24 0 11 13 23 25 0 O O O O O O
4 25 14 24 26 0 0 O O O O O O O
6 26 0 3 13 15 16 0 0 0 0 0 0 O

C Losses Analysis

C.1 Conduction Losses

The conduction losses can be estimated by the device voltage, device current and the
junction temperature. Normally these data can be taken from typical on-state charac-
teristics of the datasheet. The on-state characteristics of selected IGBT Module, 5SNA
1200G450350 is shown in appendix figure C.2.

It can be easily obtained that the average conduction losses of an IGBT is:

1
Pcon,IGBT - T /uon . 7:condt (Cl)
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where u,,, represents the on-state voltage drop. The i.,, indicates the device current.
The average conduction losses can be calculated from equation C.2, where upg and g
are the additional dc voltage between collector and emitter when the IGBT is conducting
and the equivalent differential resistance of the device. I and IZ,,, .. are the average

value and RMS value of the IGBT conduction current. Similarly, the average conduction
losses of a diode can be expressed according to equation C.3.

on 2

_ 1 (Teon . 9
Peon,1aBT = 77 Jo ™ (w0 - con + 770 * P20y ) dt (C.2)
_ ) 2 :
=uro - Leon + T10 - Icon,RMS

T 2
Pcon,Diode = Ufro - IF,con +rEo - IF,RMS (03)

C.2 Switching Losses

The switching losses contain two processes, which are the turn-on and turn-off, specif-
ically IGBT turn-on, IGBT turn-off and Diode turn-off. For the modern fast recovery
diodes used with IGBTS, the turn-on losses are less than 1% of its turn-off losses, which
is negligible and not considered in the losses analysis [189]. The switching losses can
be estimated by the device current, commutation voltage and the junction temperature
during the switching process. The switching energy can be obtained by integration of
switching losses during the transient processes, which normally can be found from the
datasheet. The selected IGBT average switching losses for a fundamental time period
(0.02s) can be estimated by employing [190]:

Ue Te

Py 1¢BT = (Eon,1cBT + Eoff.16BT) fsw (C.4)

Urated Irated

where E,, gt and E,fr rgpr are the turn-on and turn-off energy, which are con-
sidered constants in this simplified equation, and can be obtained from the datasheet.
Urateq and I.qteq are the reference commutation voltage and current respectively. wu.
and 7. represent the actual commutation voltage and current, respectively. The average
switching losses of a diode can be expressed according to equation C.5. For the selected
IGBT and Diode, the relevant switching losses are shown in appendix figure C.3.

U i

Psw,Dz‘ode = (EreC,Diode)fsw (0-5)

Urated Irated

C.3 Temperature Estimation

The thermal characteristics can be modelled with electrical quantities, e.g., loss sources
represented with current sources, temperature represented with voltage. The thermal
behaviour of semiconductor components can be described either using Cauer model (T
model) or using Foster model (PI model). Compared to Cauer model, for the Foster
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model, the individual RC elements do not represent any physical meaning, while the
individual RC elements of Cauer model can be assigned to the individual layers of the
module (chip, chip solder, substrate, substrate solder, base plate) [191]. The Foster
equivalent thermal network of junction to ambient for one switch and inverse diode is

shown in figure C.1.

Junction to case

A |

switch,n |

A

th,switch n |

[
: A l9514‘1'&:/1 1 A l9switch 2
A A
I R, R,
p loss switch (t ) | th,switch 1 th,switch 2
|
| | |
| Cth,switch 1 Cth ,switch 2
R, R,
Dloss diode (t) : th,diode | th,diode 2
| | |
l Cdioder Cdiode
_————ee—,ee— e e e e e e e e e e e e e e ———
Junction

Heatsink

case

ambient

Figure C.1: Equivalent Thermal Network (Foster Network) of Junction to Ambient
for one Switch and Inverse Diode

Here Ry, and Oy, represent the thermal resistance and thermal capacitance, respec-
tively. Normally, the thermal resistance and a time constant 7 are given in the datasheet.
The parameters of thermal impedance of selected IGBT and Diode are shown in table

C.1L.

Table C.1: The Parameters of Thermal Impedance for Selected IGBT and
Diode [135]

Thermal Impedance

ZI1GBT/ Diode,jc

1=1 1=2 i=3

Rin switen i (K /EW) 6.4 2.1 1.04
Tth,switch i(S) 0.193 0.0214 0.00278

Rin diode Z([(/k‘VV) 12.5 4.4 2.16
Tth diode i(S) 0.192 0.0226 0.0031
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The thermal impedance from junction to case for one switch or reverse diode can be

calculated as:
t

Zinje(t) =Y Rini-(1—e ) (C.6)
=1

Similarly, the heatsink impedance Z;, m(t) can be also calculated. The average
junction temperature can be calculated with:

ﬁj,s(t) = ]Dloss,s(t) : Zth,jc,s(t) + (Ploss,s(t) + -Ploss,d(t)) N Zth,H(t) + ﬂa (07)

ﬁj,d(t) = Ploss,d(t) . Zth,jc,d(t) + (Boss,s(t) + Ploss,d(t)) : Zth,H(t) + ﬂa (CS)

where the subscript s represents switch and d represents diode.

Since the losses are time dependent and periodic over the fundamental frequency
f1(50Hz), the junction temperature will contain the same frequency ripple. In this
thesis, the losses calculation and temperature estimation will be done by employing the
numerical simulation, PLECS thermal modelling with Foster Network, which is sufficient
for the evaluation of different control methods.

D Multi-Level Converters and Switches

1Under development
2 Asymmetric IGCTs
3Reverse conducting IGCTS
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Table D.1: Market Overview MV Multi-level Converter
Manufacture ~ Model Name Power (MVA) Voltage (kV) Topology Semi.
ABB PCS6000 Wind 4-12 3.3,4.16 3L-NPC-VSC IGCT
Air 0.315- 2
ABB ACS1000 Water 1.8 - 5 6.0 to 11 3L-NPC-VSC IGCT
ABB ACS2000 0.25 - 3.2 4.0 to 6.9 5L-NPC-VSC IGBT
ABB ACS5000 Air 27 6010138 SLNPC-HB-VSC  IGCT
Water 5 - 36
ABB ACS6000 5-36 2.3 to 3.3 3L-NPC-VSC IGCT
. P-HARMONY
Siemens GH150 4 - 30 4t0 7.2 ML-CHB-VSC IGBT
Siemens P_Hégll\ggNY 0.18 - 24.4 2.3 to 11 ML-CHB-VSC IGBT
. SINAMICS 3L-NPC-VSC
Siemens SM120 OM 6.3-13.7 3.3t07.2 MMC IGBT/IGCT
. SINAMICS IGBT/
Siemens GM150 1-30 2.3 to 4.16 3L-NPC-VSC IGCT
o SINAMICS IGBT/
Siemens SM150 3.4 - 40 3.3 to 4.16 3L-NPC-VSC IGCT
GE MV6 Series 0.16 - 6.5 2.3 t0 6.9 3L-NPC-VSC IGBT
GE MV7000 3-81 3.3 to 10 3L-NPC-VSC IGBT
TOSHIBA T300M V2™ 300 - 1100 HP 4.16 5L-NPC-VSC IGBT
TOSHIBA MTX2™ 500 - 1500 HP 4.16 5L-NPC-VSC IGBT
TOSHIBA MTX2™-60 3500 - 6000 HP 4.16 5L-NPC-VSC IGBT
WEG MVWO01 400 - 16 2.3 t0 6.9 3/5L-NPC-VSC IGBT
Eaton SC9000 EP 300 - 6000 HP 2.4 to 4.16 3L-NPC-VSC IGBT
YASKAWA MV1000 175 - 16000 HP 2.4 to 11 9L-CHB-VSC IGBT
Rockwell P "ZSBFOleX 0.137 - 5.6 2.3 to 10 ML-CHB-VSC IGBT
Rockwell | overklex Alr 015 - 6 231066  ML-CHB-VSC IGBT

7000

Water 2.24 - 5.595
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Table D.2: Market Overview MV Power Semiconductor Switches [55, 192-197]

Type Manufacture  Voltage Ratings (kV) Current Ratings (A)  Package
Veps (IGBT/IEGT)  Io (IGBT/IEGT)
Vorym (IGCT) Irgom (IGCT)
IGBT ABB 1.7 150-3600 module
2.5 1500 module
3.3 250-1500 module
4.5 150-1200 module
6.5 400-750 module
IGBT HITACHI 1.7 1200-3600 module
2.5 400-1200 module
3.3 400-1800 module
4.5 600-1500 module
6.5 500-750 module
IGBT INFINEON 1.7 400-3600 module
3.3 400-1500 module
4.5 800-1200 module
6.5 250-750 module
IGBT MITSUBISHI 1.7 500-1000 module
3.3 1000-1500 module
4.5 800-1200 module
6.5 750 module
IGBT WESTCODE 2.5 360-2250 press-pack
4.5 160-2400 press-pack
IEGT TOSHIBA 1.7! 1200 module
3.3 400-1500 module
3.3 1200 press-pack
4.5 900-1200 module
4.5 750-2100 press-pack
IGCT ABB 4.5 3600-50002 press-pack
4.5 22003 press-pack
5.5 36007 press-pack
5.5 18003 press-pack
6.5 3800 press-pack
IGCT MITSUBISHI 6.5 400-1500 press-pack
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Table D.3: Grid Codes of Wind Power Generation in Different Countries and Areas

Country

Organization

Title

Date

Source

UK

NGET

THE GRID CODE
(ISSUE 5)

Sep. 2016

www2.nationalgrid.com

China

SGCC

GB/T 19963-2011
Technical rule for
connecting wind farm
to power system

Dec. 2011

WWW.CeC.0rg.cn

Germany

VDE FNN

VDE-AR-N 4120

Technical requirements

for the connection

and operation of

customer installations

to the high voltage network
(TAB high voltage)

Jan. 2015

www.vde.com/fnn

Denmark

Energinet.dk

Technical regulation 3.2.5
for wind power plants
with a power

output above 11 kW

Jun. 2015

www.energinet.dk

USA

NERC

NERC

Standard PRC-024-1
Generator Frequency and
Voltage Protective

Relay Settings

Standard PRC-024-2

Mar. 2014

Pending

WWWw.nerc.com

Www.nerc.com

EU

ENTSOe

COMMISSION REGULATION
(EU) 2016/631

establishing a network code

on requirements for grid
connection of generators

Apr. 2016

www.entsoe.eu
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