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Abstract

Wave energy converters (WECs) use the energy from ocean waves to generate electricity. Al-
though these have been under development for a long time, none have yet been able to establish
themselves on the market. In order to advance this development, this thesis addresses the re-
alisation of the electrical system and the grid connection of a novel modular WEC. The power
electronics components developed include a DC/DC converter, a motor drive and a grid inverter.
Dynamic models in the state space are derived for all devices and controllers are designed, im-
plemented and tested. The devices are connected on the DC side, resulting in a highly modular
DC grid. To maximise the efficiency of the WEC’s power take-off system, a generic identification
method is developed to determine the optimum current vector for the electrical machine. To
ensure that the grid connection corresponds to the modularity of the WEC, a new grid inverter
topology is presented that enables a full parallel connection on both the AC and DC sides si-
multaneously. The DC grid voltage is controlled by a droop controller, which also considers the
load sharing between the inverters. A dynamic model for the DC grid is derived and analysed
for stability. Due to the natural wave movement, the generated power must be smoothed be-
fore it can be fed into the grid. Power smoothing is realised with supercapacitors connected to
the DC/DC converter. A newly developed droop control makes it possible to connect several
DC/DC converters to the DC grid in parallel for power smoothing.

Kurzzusammenfassung

Wellenkraftwerke nutzen die Energie aus Meereswellen zur Stromerzeugung. Obwohl an diesen
seit langem entwickelt wird, konnte sich bisher keines auf dem Markt durchsetzen. Um diese En-
twicklung voranzutreiben, befasst sich diese Arbeit mit der Realisierung des elektrischen Systems
sowie der Netzanbindung eines neuartigen modularen Wellenkraftwerks. Die entwickelten Leis-
tungselektronikkomponenten umfassen einen DC/DC-Wandler, einen elektrischen Antrieb und
einen Wechselrichter. Fiir alle Geréte werden dynamische Modelle im Zustandsraum hergeleitet
und Regler entworfen, implementiert und getestet. Die Geréte sind auf der DC-Seite verbun-
den, wodurch ein hochmodulares DC-Netz entsteht. Zur Maximierung des Wirkungsgrades des
Abtriebssystems des Wellenkraftwerks wird eine generische Identifikationsmethode entwickelt,
um den optimalen Stromvektor fiir die elektrische Maschine zu bestimmen. Damit die Netzan-
bindung der Modularitiat des Wellenkraftwerks entspricht, wird eine neue Wechselrichtertopolo-
gie vorgestellt, die eine vollstdndige Parallelisierung sowohl auf der AC- als auch auf der DC-Seite
ermdglicht. Die Regelung der DC-Netzspannung erfolgt durch eine Statikregelung, die auch die
Lastverteilung zwischen den Wechselrichtern berticksichtigt. Ein dynamisches Modell fiir das
DC-Netz wird hergeleitet und auf Stabilitdt untersucht. Aufgrund der natiirlichen Wellenbewe-
gung muss der erzeugte Strom gegliattet werden, bevor er ins Netz eingespeist werden kann.
Die Leistungsglattung wird mit Superkondensatoren realisiert, die an den DC/DC-Wandler
angeschlossen sind. Eine neu entwickelte Statikregelung ermoglicht es, mehrere DC/DC-Wandler
parallel zur Leistungsglidttung an das DC-Netz anzuschlieflen.
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Nomenclature

This chapter provides an overview of the mathematical symbols and notations. In addition to
the common symbols for physical quantities, the symbol font, superscripts, and subscripts are
used to identify specific properties such as the dimension or the reference frame.

General Notation

The following mathematical symbols and functions are used.

N,R,C Sets of natural, real and complex numbers

zeR Real scalar variable

R{z}, 3{z} Real and imaginary part of the complex number z€C
T = x is defined as y

r= Y x must be equal to y

x = (zq,... ,xn)T € R"  Column vector of dimension n, and n€N

(0" means transposed)

n
x| = Va'x=,/> 27 Eucilidean norm of
i=1
X e R Real matrix with n rows and m columns, with n,m € N
O, € RV Zero matrix
diag(xz) € R™*" Diagonal matrix of dimension n x n, with vector € R"
on its main diagonal
1,:=(1,...1)" eR" Unity (column) vector of dimension n
I, .= diag(1,) € R™"  Identity matrix
* * . .
T, x Operating point
T, Estimated value
T Average value
sign(x) = ‘i—” Sign function
n=|z|], n=[x] Floor and ceiling functions that round a real number x € R
to the next lower or greater integer n € N, respectively
0 0
of ) of The partial derivative of the function f with respect to x
0x | ,x O0x |+

is evaluated at the operating point x*
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Indices

A quantity that has a certain meaning or is related to a unit or location is indicated by a
subscript (zg, o).

nom Nominal or rated value
max Maximum value

min  Minimum value

d Discrete quantities

ref Reference (setpoint) value or vector
el Electrical

m Mechanical

ac Alternating current

de Direct current

o,sw  Switching

f Filter

1 Inductance

c Capacitance

d Droop

esr Equivalent series resistance

w Ocean wave

b Bouy or bouyancy

ec Energy conversion systems
wce Wave energy converter

wt Wind turbine
pv Photovoltaic

ps Power smoothing

es Energy storage System
dd DC/DC converter

g Grid

pce  Point of common coupling

1 DC link transmission line

Other indices may occur, which are explained in the text.



Reference frame

A superscript (J:D,:I:D) is used to indicated the location or the assigned reference frame of a
quantity. The superscript is not to be confused with exponentiation.

One dimensional signal assigned to the DC link or DC grid
Three-phase signal assigned to the (a,b,c)-reference frame

Three-phase line-to-line signal assigned to the

(a-b-c)-reference frame

Two-phase signal assigned to the stationary and

orthogonal («,/3)-reference frame

Three-phase signal assigned to the stationary and

orthogonal («,f,7)-reference frame

Two-phase signal assigned to the rotating and

orthogonal (d,q)-reference frame

Three-phase signal assigned to the rotating and

orthogonal (d,q,7y)-reference frame






Chapter 1

Introduction

On 25 September 2015, the United Nations, with 193 member states, adopted the 2030 Agenda
with the title “Transforming our world: the 2030 Agenda for Sustainable Development” [5].
Never before have so many world leaders committed to such a comprehensive and universal
policy agenda. They announced 17 goals to tackle the major problems of humanity. It is a plan
of action to reduce poverty, improve the lives of people everywhere and preserve the world for
future generations. The Global Goals, also called Sustainable Development Goals (SDGs), are
shown in Fig. 1.1.

Since 2015, progress has been made, but there is still work to be done. It is obvious that such
ambitious goals cannot be fully achieved in the desired time. Still, it is sometimes necessary to
strive for the impossible to achieve the possible. These ambitions can only be realised in a global
partnership, and the United Nations is the only global intergovernmental organisation available.
The 17 goals are intended to inspire and motivate everyone — politicians, companies, and each
individual — to fundamentally improve the lives of all and change our world for the better.

Ocean energy, especially wave energy, as the largest unused renewable energy source, can con-
tribute to these goals. With around 40 % of the global population living within 100 kilometres
of the coastline [6, 7], wave energy can provide an excellent complement to existing renewable
energy sources. Harvesting wave energy contributes directly to achieving SDGs 7 and 13 by
providing affordable and clean energy and reducing carbon emissions. Furthermore, it indirectly
contributes to other goals. If wave energy can be used in developing countries, thereby creat-
ing decent work and economic growth (SDG 8) as well as enabling industry, innovation, and
infrastructure (SDG 9), poverty and hunger would decrease in these regions (SDGs 1 and 2).

The power plants that convert the energy stored in ocean waves into electrical energy are called
wave energy converters (WECs). Ocean waves naturally fluctuate on a second-by-second basis.
There are many different WEC technologies, but all absorb these fluctuating waves and convert
them into electrical energy. Like solar or wind energy, wave energy also fluctuates in larger
time scales, ranging from hourly to seasonal. However, wave energy has very high continuity
compared to solar and wind energy, can be well predicted, and is considered a reliable energy
source [7-9]. Due to these remarkable properties and synergies with other renewable energy
sources, it has the potential to become an important part of tomorrow’s energy generation.

Section 1.1 starts with the origin and potential of ocean waves, followed by an illustration of
the different techniques of WECs. The section concludes by discussing why wave energy is not
yet used on a large scale. Section 1.2 explains the approach of the novel wave energy converter
developed by SINN Power. Section 1.3 highlights the contribution of this work and how it can
enhance the development of WECs.
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Figure 1.1: The Global Goals or Sustainable Development Goals from the 2030 Agenda adopted
by the United Nations in 2015, taken from [10].

1.1 The Contribution of Wave Energy

Wave energy is only one of several renewable energy sources the ocean provides. The different
forms of ocean energy are often confused, especially tidal and wave energy, which is why they
will be briefly discussed below [11, Sec. 3.7].

Tidal energy has by far the largest share of installed ocean energy. Wave energy is often
mixed up or associated with tidal energy, although they are very different phenomena, and the
conversion of energy works differently. Tides are caused by the combined gravitational force of
the sun and the moon on Earth. The resulting centrifugal and gravitational forces acting on the
Earth cause an accumulation of water masses on two opposite sides of the Earth. Due to the
Earth’s rotation, all points on its surface move through these two tidal peaks, resulting in two
ebb and two flood tides per day, at least in theory. Land masses, Coriolis forces and natural
oscillations in ocean bays lead to strongly varying local characteristics. However, it is very
predictable for every location, which is an advantage compared to other renewable technologies.
There are two types of technology for harnessing tidal energy. The most common, with 98 %
and approximately 520 MW worldwide installed capacity, is tidal barrage technology [7]. The
potential energy between a tidal basin and the open water, separated by a dam, is used to
generate electricity as the water flows through turbines. In contrast, tidal stream technology
uses the incoming and outgoing flow in open water, like wind turbines underwater. Currently,
the tidal barrage is the dominating technology, but it is expected that the installed capacity of
the tidal stream will exceed that of the tidal barrage in the future. This is because tidal barrage
has limited site availability, high capital investment and environmental impacts.

Salinity gradient energy can be converted to electrical energy utilising the salt concentration
difference, resulting in osmotic pressure. They are very efficient if used where fresh and saltwater
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come together. In theory, they can run continuously, providing a base load. However, the overall
potential is relatively small due to geographical limitations.

Ocean thermal energy conversion uses the temperature difference between the warmer
surface and the nearly constant 4 °C in deep water.

Ocean current energy works similarly to tidal stream technology, but the movement of the
water is caused by other effects like the Gulf Stream.

1.1.1 Wave Energy — Origin and Potential

Ocean waves are produced by wind blowing over large water surfaces, building up wave crests.
Continuous wind action on the ocean transfers more and more energy into the waves. Wave
energy could, therefore, be described as a concentrated form of wind energy. Since the density
of water is about 830 times higher than air, waves can achieve very high energy densities that
exceed those of wind and sun by far [12], [13, Sec. 2.2], [14, Sec. 5.1].

In deep water, where waves are not affected by bottom effects like bottom friction and wave
breaking, waves can travel over great distances with no significant loss of energy, even if the wind
responsible for their generation is no longer present [12]. These waves are called swell waves or
gravity waves and have a typical period from about 1 s up to 30 s [13, Sec. 3.1.1].

The wave energy flux @, is the average power per metre along the wave crest for a specific sea
state. For irregular waves, as they occur on the ocean, it can be obtained from the wave spectral
parameters with

p 92 2 W
o, =207, (in m) , (1.1)
where p,, is the ocean water density, g is the gravity acceleration, T, the energy period and
H, the significant wave height [15-17]. A sea state is characterised by the statistical wave
parameters Ty, and H, in the frequency domain. The mean wave period T,, is defined as the
period where the spectrum has its peak at the significant wave height H,. The wave spectrum
describes the distribution over the frequency. The two most commonly used wave spectra are
the Pierson-Moskowitz (PM) spectrum and the JONSWAP (Joint North Sea Wave Project)
spectrum.

The energy period T, in (1.1) can be estimated from the spectral shape by
T, =y Ty, . (1.2)

The coefficient «, is not exactly defined and is not always consistent in the literature. It varies
from oy, =0.538 in [15] up to a,, =0.90 in [16]. This introduces some uncertainty into the wave
power estimation. However, this necessary assumption is accepted since the wave energy flux @,
is proportional to the square of the significant wave height Hy, meaning errors in the period are
less significant than errors in wave height [15].

Many publications address the assessment of global wave energy resources. For this purpose,
wave data is used to estimate the available wave energy near coasts. Wave climates were analysed
before for navigation purposes and harbour, coastal and offshore engineering. In these scientific
fields, however, wave energy is interpreted as a disturbance [12]. Wave data is derived using
numerical models of the oceans from wind and ice datasets. The results are iteratively improved
by calibration with satellite data and validated with buoy data [15]. Typically, linear wave
theory is applied, which is valid if the motion of water particles is not affected by the seabed.
This is the case whenever the water depth is greater than half of the wavelength. As waves
propagate into the shore, nonlinear wave theory must be applied in coastal areas as well as
for storms and breaking waves [13, Sec. 3.2.2]. However, as this is very complex and must be

3
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adapted to a specific location, wave energy and its absorption is mainly analysed with linear
wave theory [12].

There are debates about the estimated wave energy available worldwide. This is mainly due to
the diversity in the data regarding the recording period and sources. Moreover, it depends on
how the coastline is segmented and whether the direction of the waves is considered. In [15], the
global wave power is estimated to be 32000 TWh/a. Thereby, a data set with over 60 years is
covered, and regions are excluded, which are potentially covered with ice or have an energy flux
below 5 kW/m. It is further reduced to 16 000 TWh/a if the direction of wave energy flux is
considered. This means that a WEC that works independently of the direction can generate up
to twice as much energy as a WEC that has to be aligned with the direction of the waves. Similar
results were obtained in [18] and [8]. For comparison, in 2023, global electricity consumption
was about 29500 TWh/a, and primary energy consumption was about 183200 TWh/a [19].
The potential in Germany for photovoltaic energy integrated into buildings is estimated to be
742 TWh/a, of which around 504 TWh/a is accounted for by roof systems and 238 TWh/a by
facade systems [20].

It could be stated that wave energy can satisfy a large part of the electricity demand. However,
this is unrealistic because WECs can only be installed in some coastal areas. Nevertheless, wave
energy is the largest unused renewable energy source and can become an excellent complement
to other renewable energies. Sea states are steadier than wind fields, so integrating WEC farms
into offshore wind energy farms offers strong synergies. Combined wave and wind energy farms
could reduce downtime and contribute to a more stable grid [21]. Moreover, both technologies
can share the grid connection infrastructure as well as operation and maintenance costs [9, 22].

It is essential to state the global wave energy resources to highlight their potential. For a more
detailed site analysis, more than the mean sea states are required. Seasonal variations must be
included for a financial and technical assessment. In addition, WECs should be optimised for
certain sea states, which are typical for the planned location [15].

Fig. 1.2 shows the results from [23], with a map of the globe, where the coastlines are classified
into six classes. In this case, they clustered the groups by considering the energy density with the
square of significant wave height HS2 and the variation of the waves. To quantify the variation
of the sea states, a normalised non-dimensional ratio of the standard deviation is typically
used [15, 23].

Class 1 represents the lowest and class 6 the highest energy density. On the right side of Fig. 1.2
are the mean H-T, joint occurrence matrices associated with class 3 to class 6. They show the
occurrence o, of sea states, defined by the significant wave height H, and the wave period T,.
Classes 1 and 2 are found in enclosed areas, resulting in low power. Thus, they are not very
relevant for the installation of a WEC. The range of the period T, in which waves occur that
are relevant for energy absorption is between 3 s and 20 s. The peak occurrence for each class
is between 5 s and 15 s.

Classes 3 and 4 represent moderate wave energy. Areas with an annual average wave energy
flux between 20 and 70 kW /m are considered good sites [12], which are represented by classes 5
and 6. The Northern Hemisphere is dominated by class 5 due to seasonal variations, which are
also considered in this classification. Seasonal variations are generally more extensive in the
northern than in the Southern Hemisphere. Class 6 marks the most stable resources, which are
located near the coasts of South America, Africa, and Australia. Off these coasts are vast ocean
areas where waves can accumulate wind energy over long distances, becoming very energy dense
and continuous. These locations are desirable for wave energy. However, WECs located at these
sites are exposed to stronger storms and, therefore, need to be more robust [12, 15, 23].
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Figure 1.2: Classification of the global coastlines into six groups of wave energy potential, from
low (class 1) to high energy (class 6), with corresponding mean H,-Ty, joint occurrence matrices.
The figure is taken from [23] and slightly adapted.

1.1.2 Wave Energy Converters

The idea of harvesting wave energy is not new. In 1799, the first patent for a wave energy
converter was filed by a father and his son named Girard. Their WEC was designed to drive
heavy machinery using direct mechanical action [12]. In 1974, wave energy got much attention
due to the oil crisis the year before and the resulting energy shortage. An article in the journal
Nature by Prof. Stephen Salter about a new method for using the power of ocean waves drew
more attention to wave energy [24]. His WEC became known as Salter’s duck. In practical
implementation, however, WECs had difficulties with the power take-off (PTO) system and the
natural fluctuation of the waves in several time scales. The fluctuation of ocean waves ranges
from a second-by-second basis (from wave to wave) to hourly, daily, and seasonal fluctuations [15,
23]. In addition, the new nuclear energy led to a decline in interest in wave energy. Since the
start of the new millennium, though, wave energy has experienced a revival. New WECs have
been built or are under construction in several countries, led by Scotland and Portugal [13,
Sec. 2.3.1].

Unlike other renewable energy sources, wave energy converters are still immature. Since there are
many ways to absorb the energy of the waves, there is also a large variety of technologies. These
WEC technologies can be classified according to their functional principle. The most common
classification was proposed in [12] and suggested three main categories, which are illustrated in
Fig. 1.3. For a more detailed consideration, these categories are usually subdivided into floating
and fixed structures. The subdivision is omitted here, and only an overview is given.

The oscillating water column (OWC) is a semi-submerged chamber with an opening under-
water. Above the water is another opening with a turbine connected to a generator. With the
fluctuation of the waves, the air pressure in the chamber changes, causing an airflow through the
turbine. Since the airflow is bidirectional, a self-rectifying turbine is used, meaning the rotation
direction remains unchanged regardless of the direction of the airflow [25].

The functioning of oscillating bodies is based on the direct wave motion, i.e., the circular
motion of the water particles. A subdivision must be made between the oscillating wave surge
converter (OWSC) and heaving devices or point absorbers. The OWSC can be described as a
pendulum, which is set into motion by the horizontal movement of the water particles. In the
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Figure 1.3: Illustrations of the functioning principle of WECs for the three main categories.

joint, the surge or pitch motion of the pendulum is converted into electricity, either directly or
via a hydraulic system. Point absorbers use a buoyancy body to absorb the vertical movement
of the waves.

Overtopping converters consist of a basin or reservoir which is higher than the nominal water
level. When waves wash over the structure, the reservoir fills up. The potential energy of the
water is converted into electricity by flowing back into the sea through an opening and driving
a turbine.

Here, the focus is on oscillating bodies. Their energy absorption of waves can be compared to a
sound wave that is cancelled out by an active noise control system, as those used in earphones. In
theoretical analysis, the WEC is considered to produce its own wave, which cancels or reduces the
incoming wave. The interference of both waves results in energy absorption by the WEC [12, 26]
[13, Sec. 6.1.1].

Like the Betz limit, which states that no more than 59.3 % of the wind power can be extracted
and converted to turbine power [27], capture width ¢, is introduced for WECs. It is defined as

_ DPw

3 (in m) , (1.3)

CW
w

where the average absorbed power p,, from the WEC is divided by the wave energy flux &,
resulting in a number with the unit metre. It can be interpreted as the width of the wave crest
that the WEC completely absorbs.

For oscillating bodies, where linear wave theory can be applied, it can be shown that there is
a theoretical maximum capture width, assuming an axisymmetrical body and optimal control.
The optimal WEC control is discussed in Sec. 1.2.3. For heaving devices like point absorbers,
the maximum capture width is

_ (1.4)

Cw,max o

which only depends on the wavelength A,,. The maximum capture width for OWSC with a
surge and pitch motion is twice as high (cy yax = )‘7W) [12, 26, 28, 29]. This illustrates why the
subdivision between these two technologies is necessary for oscillating bodies.

The capture width cannot be used to compare different WEC technologies, as their size and, thus,
their hydrodynamic efficiency is not included. Therefore, the capture width ratio is introduced
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which is the capture width ¢, divided by the characteristic dimension wy, of the WEC.

The authors in [30] collected about 100 measurements and compared different WEC technologies
based on the capture width ratio. The highest mean capture width ratio of 37 % was achieved
by surging devices (OWSCs), followed by oscillating water columns with 29 %. Heaving and
overtopping WECs have around the same capture width ratio, with 16 % and 17 %, respectively.
However, these quantities should be interpreted cautiously, as most analysed WECs are still
prototypes that are not yet fully developed, which is also reflected in the standard deviation
of the statistical analysis in [30]. Nevertheless, they show a tendency and the potential of the
different technologies.

1.1.3 Development Problems

Wave energy converter technology is far from fully developed. There are still major challenges
that must be overcome before WECs can be established in the market. The aforementioned
second-by-second natural fluctuation in the wave energy flux needs to be smoothed to a contin-
uous power output before it can be fed into the grid. This places high requirements on the power
take-off (PTO) system, which needs to deal with this fluctuation. The PTO system is typically
a hydraulic system, an air turbine, an electric generator, or a combination of these systems.
Furthermore, it must withstand the harsh environment of the sea and, therefore, be designed to
be very robust, like all the other components of the WEC. Robust technology usually correlates
with high costs. [12]

However, the most frequently cited reason for the lag in the development of WECs is the diversity
of technologies. There is no convergence in WEC design like with wind turbines, where a three-
blade wind turbine is the current standard. This diversity leads to a spread of investments,
which would have to be concentrated on one or a few technologies to drive progress [23].

Fig. 1.4 shows the globally installed capacity pj,s of photovoltaic (PV), on- and offshore wind
turbines compared to wave energy, as well as the expected outlook in dashed lines, respectively.
Although hydropower and biomass currently account for a large share of renewables, they are
omitted, as these technologies have been mature for some time and would make the compari-
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Figure 1.5: Current LCOE and estimated LCOE reduction over the installed capacity (Figure
is taken from [7]).

son less clear. The installed capacity of onshore wind turbines has been growing steadily since
around 2000. The solid exponential growth in PV systems is remarkable. Around March 2022,
the total installed PV capacity reached 1 TW [37], and in 2024, the 2 TW mark will be ex-
ceeded [31]. These two technologies show how quickly a new renewable energy technology can
develop once the first challenges are overcome. Offshore wind is also on the verge of overcoming
those challenges, but not as quickly as PV and onshore wind. The harsh environment inhibits
progress due to high investment and maintenance costs. It is noticeable that the installation
of wave energy converters is lagging. The forecast is hard to assess, as the numbers are very
different from report to report, and the estimates are vague. Still, the figure should give an idea
of what to expect if the diffuse investments do not converge.

Fig. 1.5, taken from [7], shows the estimated levellised cost of electricity (LCOE) over the overall
installed capacity. The LCOE (in €/kWh or $/kWh) is the sum of all costs of an electricity
generating plant, consisting of investment, operation, and maintenance costs, divided by the
sum of the electrical energy produced over the entire lifetime. The figure shows that the costs
are expected to decrease with the cumulative installed capacity. At the beginning of the devel-
opment, the costs of prototypes are very high, as many parts have to be custom-made. Once
the functionality is given, the performance can be increased, resulting in greater energy output,
reducing the LCOE, even at the same cost. After the first projects, cost reductions can be
made through a more efficient planning and installation phase. As more projects are imple-
mented, more economies of scale occur, and costs are further reduced due to mass production,
standardisation, established supply chains and shared licensing and maintenance facility costs.
This price development can also be observed for PV and wind turbines, as shown in Fig. 1.6. It
shows the globally weighted average LCOE over the installed capacity. The price of PV systems
is the clearest indicator of this correlation. Although the installed capacity of PV systems has
exceeded that of wind turbines, onshore wind turbines still have a lower LCOE on average.
A similar, if not steeper, price trend than for PV can be observed for offshore wind turbines.
However, this price development is also related to the expansion of onshore wind turbines, as
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many parts can be used for both types.

Again, this shows how technologies can complement and support each other, as WEC and
offshore wind turbines could do. The power performance and optimisation of the capture width
ratio of WECs is not the only important aspect. During development, it is also vital to consider
the economic performance, LCOE-wise, including production, installation, and operation sosts.
It is important to know which type of WEC technology is more energy efficient regarding the
capture width ratio. Still, ultimately, the technology will be measured against its cost and,
more importantly, by its return on investment for investors. If an energy-efficient WEC is very
cost-intense, it cannot compete with a more LCOE-efficient WEC.

On the other hand, the LCOE is an indicator of the development and progress necessary for
the technology to become competitive in the energy market. The lack of design convergence
is one of the main drawbacks of wave energy development so far, which needs to be solved to
concentrate investments on the most promising technologies. Once investments are made on a
larger scale, it is expected to grow like the other renewable technologies. [30, 40]

To attract these investments, wave energy converters must prove that they can reliably generate
electricity to gain the confidence of investors and manufacturers and, thus, achieve economies
of scale. Wave energy is the largest unused renewable energy source. All available renewable
energy source should be used if the aim is to create a carbon-free energy system and ensure
access to clean and affordable electricity for future generations. This will allow technologies to
benefit from potential synergies and create a more stable electrical grid.

1.2 The Novel Wave Energy Converter

To overcome the challenges that WECs face, SINN Power has developed a new approach. Their
novel WEC uses a modular system of interconnected point absorber units to harvest wave energy.
A grid-shaped structure interconnects the point absorber units in a rectangular form. FEconomies
of scale should occur more quickly due to repetitive components within one system. In addition,
broken parts can be replaced more easily, which reduces maintenance costs, and the structure
can be adapted to local conditions and typical sea states. [41]

In addition to the WEC functionality, other, more mature renewable energy technologies can
optionally be added to reduce the LCOE. On the top of the structure, the available area can be
equipped with PV modules, and wind turbines can be mounted on extended lifting rods. The
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Figure 1.7: Rendering of the hybrid platform, equipped with wave energy converter, wind tur-
bines and PV modules on the left and a picture of the prototype on the right.

Figure 1.8: Tllustration of the functioning principle of the floating WEC.

lifting rods with wind turbines are no longer movable, and the floating buoy is only used for the
buoyancy of the platform, which is also helpful for WEC operation. Fig. 1.7 shows a rendering
of the smallest configuration of this hybrid platform on the left and a picture of the prototype
on the right. The prototype was installed in 2020 and is only equipped with PV modules to test
the mechanical structure.

1.2.1 Functional Principle

Fig. 1.8 shows the functional principle of the WEC, as seen from the side. The WEC consists of
multiple point absorber units (a), connected to the WEC structure (b) made from aluminium
tubes. The lower tubes of the WEC structure are hermetically sealed, which creates additional
buoyancy. The number of point absorbers in a row is modularly expandable, and the row itself
can be multiplied as often as desired orthogonally in the direction of wave propagation. A point
absorber unit, in turn, consists of a floating buoy (c), a square lifting rod (d) and generator
units (e). The platform can optionally be equipped with PV modules (f) and wind turbines (g).
The distance between the point absorbers is 12 m, and the height from the lower to the upper
tube is 6 m. The diameter of the floating buoy is about 3.2 m.

The lifting rod is attached to the buoy and bearing mounted (h) at the top and bottom of the
WEC structure. The floating buoy of the WEC floats on the water and moves in a vertical
direction with each wave. The generators slow down the upward movement by applying torque,
thus generating electricity. This also creates a force that pushes the structure upwards. The
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Figure 1.9: Picture of the point absorber prototype in Crete on the left and a detailed picture
of the PTO system on the right.

WEC control system provides a reference torque to the generator units. It is responsible for
keeping the structure horizontal and stable while optimising the energy output by maximising
the lifting movement of the point absorber.

1.2.2 Patented Power Take-Off System

The power take-off (PTO) system comprises the parts required to convert the mechanical power
of the WEC into electrical power. Hydraulic PTO systems are often used, where the motion of
the waves is first converted into hydraulic pressure via pumps. A generator then produces the
electrical power. Hydraulic components are a mature technology, and some power smoothing
can already be integrated into the system by varying the hydraulic pressure [9, 25, 42]. Power
smoothing is a common challenge for wave energy converters. The electrical power generated
fluctuates with the natural movement of the waves with a period of a few seconds. It must be
smoothed before the power can be used and fed into the grid. Power smoothing will be further
discussed in Section 3.3.

However, implementing a hydraulic system is expensive, complex and requires high maintenance,
which is why a mechanical direct drive system is used here. In Fig. 1.9, the full-sized prototype
of the point absorber is shown, which is mounted on the harbour wall of Heraklion on the Greek
island of Crete. At the time of installation, it was not yet planned to have the lower part of
the structure underwater. The generator units constitute the patented PTO system to generate
electricity out of the linear movement of the point absorber.

Several generator units are mounted on a point absorber, whereby the rollers of the generators
bear on the lifting rod. Two generators are constantly pressed against the lifting rod by springs
between the generator pairs. This frictional connection between the rollers and the lifting rod
allows for converting the vertical movement of the rod into a rotary motion. The rod’s up-and-
down movement causes the electrical machines of the generator units to rotate back and forth.
Due to the wave movement and the diameter of the rollers, rotational speeds of up to 1000 rpm
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can be reached.

Since the mechanical power transmission from the rollers to the lifting rod is limited due to the
frictional connection, it is necessary to use several generators to generate the required braking
force for the point absorber. Empirical tests on the prototype have shown that a torque of about
60 Nm can be transmitted. If the torque is higher, the static friction changes to sliding friction
and the rollers slip. This must be prevented, not only because energy is lost but mainly because
mechanical damage to the rollers can occur otherwise. In addition, the point absorber would
move almost freely and drive unbraked into the mechanical limit. The energy would have to be
absorbed by the WEC structure alone, which cannot withstand it in the long term. For these
reasons, the torque of the generator units is limited to 50 Nm by the power electronics.

The main components of the generator unit are the rollers connected to a permanent-magnet
synchronous machine (PMSM) and a voltage source inverter (VSI). The VSI controls the current
through the PMSM and, thus, the torque of the generator rollers. The control system of the
generator unit will be discussed in Sec. 2.4.

1.2.3 Control of a Point Absorber Wave Energy Converter

The interaction of bodies with ocean waves is already known from ship hydrodynamics and
offshore engineering. This theory can be applied in the same way to WECs. The motion of a
point absorber is typically considered with a single degree of freedom, where the body is only
oscillating in heave. By assuming a small excursion z;, of the body from its equilibrium position
and linear wave theory, the dynamics can be governed by the superposition of all hydrodynamic
forces, which yields [43, Sec. 5.9], [12, 44]

mb'éb:Fe+Fb+Fr+Fv+Ff+FC' (16)

The excitation force F, and the buoyancy force Fj, represent the total wave force. The forces F,,
and F} represent viscous and friction effects, respectively. The PTO system applies the force F,
and can be controlled to influence the point absorber’s movement and convert wave energy into
electrical energy. In this case, the torque of the generator units is transmitted to the lifting rod
via the generator rollers. With negligible rolling friction, the force results in

N,

m

st,i ’ (17)

1
[t

where 7, is the radius of the generator rollers, N,, is the number of generator units per point
absorber and mg ; the torque of the generator unit 4 at its shaft.
The buoyancy force F}, can be assumed to be proportional to the excursion z, with

Fb = *kb Zp 5 (18)

where ky, is the buoyancy stiffness. The radiation force F, occurs if the floating buoy oscillates.
It describes the hydrodynamic damping that results from the fact that the floating buoy also
generates waves during its movement. The radiation force can be modelled based on Cummins
equation, introduced in [45], which leads to

t
(my, + my) %, + /Db(t—T)Zb dr + kyz, = Fo + Fl. (1.9)
0

The mass m, accounts for the additional mass resulting from the inertia of the water surrounding
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the floating buoy, which must be moved along. The convolution term introduces a dependency
on the past motion of the body, where Dy is the impulse response function that describes the
dynamic behaviour of the damping. It is strongly dependent on the shape of the floating buoy.
This function and the hydrodynamic parameters m, and k;, can be computed numerically by
solvers like Orcaflex, WAMIT [46] or NEMOH [47]. Furthermore, a relation between the excita-
tion force F, and the wave elevation can be provided, which results from the pressure distribution
on the surface of the floating buoy caused by the incoming wave. The implementation is usu-
ally done in the time domain to account for nonlinearities in the hydrodynamic parameters.
Therefore, the convolution can be approximated by a state-space system [48-50].

The optimal control of WECs is a popular topic of research work. A review of different control
strategies can be found in [51-54]. Due to the analogy, WECs are considered damped harmonic
oscillators in the literature. By setting the control force to

Fc = dcéb + kczb y (110)

the overall damping and stiffness can be affected, and the point absorber can be put in resonance
with the incoming wave, which results in maximum energy absorption [48, 55].

If the body is in resonance, its velocity Z; is in phase with the excitation force F,. When
this condition is achieved by acting on the PTO force F, appropriately, the control strategy is
called phase control [12, 55]. This control strategy is sometimes called reactive control because
the energy flow is reversed during a part of the wave cycle [12]. This means that the WEC
temporarily absorbs power within a wave cycle. On average, however, the power output is
significantly higher. With direct drive PTO systems, like the one presented here, the coefficients
in (1.10) can be chosen arbitrarily. Therefore, the control stiffness k. can be set to negative
values to change the resonance frequency of the point absorber. With hydraulic PTO systems,
this might be more restricted.

The optimal parameters to set the point absorber into resonance can only be concretely deter-
mined for regular waves, where the wave is considered sinusoidal. Natural irregular waves are
described by a frequency spectrum and are, therefore, a superposition of many different regular
waves with different frequencies, amplitudes, and phases. Thus, the control parameters can only
be determined stochastically for varying sea states. In [44], an artificial neural network is used to
adapt the coefficients according to the actual sea state, and in [56, 57] model predictive control
is applied.

An alternative and practical approach is latching control. With this method, the floating buoy
is fixed at the lower position when its velocity becomes zero. It is released after a certain period
within the wave cycle. The challenge here is to determine the appropriate duration for which the
movement of the point absorber must be locked, especially for natural irregular waves, where
each wave differs from the other. Although it does not correspond to theoretically optimal phase
control, it has been shown that approximately the same energy extraction can be achieved. A
frequently stated advantage over phase control is that the power flow does not reverse. This is
particularly significant for hydraulic PTO systems. For the direct drive PTO system described
here, it is irrelevant since the generator unit work bi-directionally. More detailed theory about
latching control can be found in [49, 55, 58].

Besides the control strategy, the efficiency and performance of the PTO system are also very
crucial. In [59], it is shown that slow PTO response leads to a severe reduction in efficiency and
can even cancel out the benefits of optimal control. A response time of less than 50 ms should
be aimed for. This is no issue for modern drive systems with electrical machines controlled by
power electronics. The implementation of the current controller is presented in Sec. 2.4.2. It is
shown that the reference torque is reached within a few milliseconds if implemented correctly.

13



CHAPTER 1. INTRODUCTION

Not only is the response time critical, but the efficiency of the PTO also has a significant impact
on the overall efficiency of the point absorber. In [60], the effect of non-ideal PTO systems on
the performance of reactive control for point absorbers is investigated. With low-efficiency PTO
systems of less than 80 %, the absorbed energy is only one-tenth of the energy of the ideal case.
Even with an efficiency of 90 %, only 70 % can be achieved compared to ideal PTO systems.
This shows that a significant improvement can be achieved with every increase in drive efficiency,
even in the upper-efficiency range. Therefore, in Sec. 2.4.3, optimal feedforward torque control
is presented, which leads to the maximal efficiency of the generator unit.

The PTO system with the modular generator unit presented here offers a very flexible and
bidirectional direct drive PTO system for point absorbers. This makes it possible to implement
all known control strategies for WECs. An optimal control strategy is essential for the success of
WECs. The increase in efficiency of such control strategies improves the overall efficiency by a
multiple compared to a passive control system [49, 60, 61]. The optimal control for the full-size
WEC prototype mounted on a fixed wall can be applied directly. For the floating WEC with an
array of many point absorbers, the additional control objective of keeping the structure floating
must also be satisfied, which has a higher priority than optimal control. In the following, the
control of the WEC is no longer considered. It is assumed that an overall control unit gives the
optimal reference torque for the generator units.

1.3 Specification and Contribution

This work focuses on the realisation of the electrical system for the modular wave energy con-
verter, including the optional renewable energy sources. The mechanical system and the hydro-
dynamic description of the WEC will not be discussed further. Especially the hydrodynamic
modelling of WECs is already extensively addressed in the literature. Likewise, the control of
WECs is a very popular topic in research. The brief discussion on the control of a point absorber
is intended to provide an understanding of the intersection between the WEC and the electrical
system and to clarify the requirements of the electrical system.

The control of wind turbines is also not considered here. Generally, the torque of the electrical
machine must be set proportional to the square of the rotational speed of the wind turbine. A
detailed theory can be found in [27].

The connection of a wave energy converter to the electrical grid has not yet been fully explained
in detail in the literature. This thesis attempts to fill this gap and introduces a modular power
electronics system suitable for the scalable approach of the novel WEC. Fig. 1.10 provides an
overview of the complete electrical system with references to the corresponding sections in this
thesis.

Since the idea of the WEC came first, the electrical system was designed starting with the
generator units. It is desirable to connect all generator units of a point absorber in parallel to
save cables and assembly time. This is possible due to the voltage source inverter (VSI), which
is integrated into the generator unit and controls the electrical machine. The output of the VSI
can be considered as a direct current (DC) source, which allows for connecting them in parallel.
Therefore, the proposed electrical system is based on a low voltage direct current (LVDC) grid.
Besides the VSI for the generator units, two more power electronic devices are necessary, namely
a grid inverter and a DC/DC converter. The grid inverter connects the DC grid to the grid with
alternating current (AC). The DC/DC converter is used to integrate PV systems and storage
solutions. The focus regarding storage solutions is on short-time storage with supercapacitors,
as these are mandatory for power smoothing. Long-time energy storage units with lithium iron
phosphate (LiFePO4) batteries have also been developed. However, since its integration is not
very relevant to the operation of the WEC, it is omitted.
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Figure 1.10: Overview of the modular power electronics system with all possible components
and references to the corresponding section in this thesis.

Like with the mechanical design of the WEC, great emphasis was placed on modularity and the
use of repetitive components to promote economies of scale. The topology of the basic power
electronics of the VSI can be used for both other devices as well, which reduces the number
of components in the system dramatically. Chapter 2 starts with introducing the basic power
electronics components and continues with a discussion of each of the three power electronic
devices by introducing a model of the dynamics and the design of a suitable controller.

In Chapter 3, the connection of all devices to a DC grid is considered. In the beginning, the
control strategy of the system is explained. The objective of the control is a safe and stable
operation whereby the current is to be shared between the devices. The challenge is to prevent
a circulating or oscillating currents that could result from the parallel connection of the many
devices and storage units. After the general functioning of the system is explained, a stability
analysis is carried out to prove stable operation. Furthermore, a parameter analysis is performed
with regard to DC link stability in order to determine optimisation potential.

The power smoothing will be discussed in Section 3.3. The proposed control system was tested
on the prototype in Crete under harsh sea conditions. However, when the prototype had to be
installed, the DC/DC converter was not yet fully developed and was not ready to be installed.
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Therefore, the supercapacitors were integrated directly into the DC link. The experiment could
not be repeated later with the DC/DC converter, as there were problems with the supply
of semiconductors due to the pandemic. Unfortunately, the project was cancelled afterwards.
Hence, power smoothing with the integration of supercapacitors via the DC/DC converter is
only presented based on simulations. Nevertheless, the previously implemented control system
and the corresponding simulation were validated with real measurement results. Furthermore,
the simulation of each power electronic device is also compared with real measurement results
and thus validated. This confirms the accuracy of the simulation, and it can be assumed that
the results of the simulation are very close to those of the real implementation.

The following specifications were defined during the development of the electrical system. These
specifications serve as essential design criteria for the development and the methodical approach
throughout this thesis. In the following sections, references are made to the corresponding
specifications to clarify the decisions made.

(S1) The components must be waterproof and robust for the harsh marine environment.
(S2) Use of repetitive components to promote economies of scale.

(S3) The implementation must be based on industrial components using low-cost but also robust
and high-quality parts to enable scaling effects.

) It must be possible to integrate any energy storage system with full controllability.

) Integrating other renewable energy sources, particularly PV and wind, must be possible.
S6) Enabling full controllability of the WEC with a bidirectional direct drive PTO system.

)

The system should be designed to ensure maximum modularity so that it can be expanded
as required.

(S8) The PTO system must ensure a high-performance and optimised conversion of mechanical
energy into electrical energy.

(S9) Direct grid integration while maintaining modularity must be guaranteed.

(S10) The system will be designed to be ready for off-grid applications and future grid support
needs.

(S11) The overall system must be capable of power smoothing to smooth the fluctuating power
of a WEC.

The key contributions of this work can be summarised as follows.

(i) Proposal of a highly modular power electronics system for the grid integration of a novel
wave energy converter.

(ii) Presentation of a very flexible PTO system for point absorbers, which allows for the
implementation of all known control strategies for WECs.

(iii) Proposal of a generic experimental identification method to obtain the optimal current vec-
tors for any electrical machine leading to minimal losses and maximum efficiency, including
iron and inverter losses.

(iv) Proposal of a novel grid inverter topology for a full parallel connection, simultaneously on
the DC and AC sides.
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(v) Detailed modelling of a complete modular power electronics system, forming a DC grid,
for the grid connection of a novel wave energy converter.

(vi) Detailed modelling and controller design for all power electronic devices required for the
integration of all types of renewable energy sources.

(vii) Hardware-based implementation and realisation of the developed theories on an industrial
microcontroller with an implementation-oriented explanation.

(viii) Proposal for a new droop control strategy that combines two methods, which ensures ideal
energy balancing among distributed energy storage systems.

(ix) Presentation of a power smoothing control system for the developed electrical system to
optimally smooth the fluctuating power of the WEC and, thus, enable the grid connection.
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Chapter 2

Highly Modular Power Electronics
System

The proposed highly modular power electronics system consists of three devices. They can be
combined into a smart DC grid to integrate many types of renewable energy sources, particularly
wave energy converters (WECs). The three power electronic devices are a motor drive for the
generator unit, a DC/DC converter, and a grid inverter. Each device is housed in a patented
aluminium extruded profile and sealed to make it waterproof and robust for the harsh marine
environment, as required by Specification (S1) for the installation on a WEC. An electrical
machine was also developed for the generator unit, which is integrated into the same aluminium
extruded profile to connect it directly to the motor drive.

The individual modules can be connected to form a string of several modules by simply plugging
them together. For example, one of the most straightforward possible implementations would
be to connect a motor drive to an inverter to create a frequency converter, also called a back-
to-back converter, for drive applications. Several devices of one type can also be connected to
a string to expand the power. The DC/DC converter allows to integrate storage units easily.
Two storage units, one with supercapacitors and one with battery modules, are designed to be
mounted in the same housing so that they can be connected directly to the DC/DC converter.
The individual strings can then be connected via DC cables to form the whole DC grid. This
flexibility makes it very easy to meet the requirements of different projects, especially when
installing WECs.

In Sec. 2.1, the general topology of the power electronics will be explained. The following section
discusses the modulation, which is the interface between the implemented control algorithm in
software and the switching elements on the hardware. It is required for each of the three devices.
However, they all have slightly different requirements, which are discussed in more detail in the
respective sections. After considering these generally applicable elements, a mathematical model
of the dynamics is derived, and an appropriate controller is proposed for each of the three devices.
It starts with the DC/DC converter in Sec. 2.3, followed by the motor drive in Sec. 2.4, and
finally, the grid inverter in Sec. 2.5. This order is chosen due to increasing complexity from
device to device.

2.1 Topology of the Power Electronics
The system was developed, starting with the generator unit. A three-phase voltage source
inverter (VSI) is necessary for the motor drive to control the electrical machine in the generator

unit. This VSI is the basic electronic component, which is also used for both other devices, the
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Figure 2.1: Photo of the basic power electronics components and the modular housing.

grid inverter and the DC/DC converter. This is an excellent benefit as repetitive components
can be used throughout the system, contributing significantly to Specification (S2). A photo of
the basic power electronics components is shown in Fig. 2.1. On the left is a photo of the two
printed circuit boards (PCBs) for the control and power circuits, which are called control and
power board. On the control board are the microcontroller (1C), analogue circuits for the signal
processing of the measured quantities, and auxiliary supplies for the different voltage levels
required. With the use of surface-mount devices (SMD), low-cost and industrial components
can be used, which is especially crucial for the microcontroller. To fulfil Specification (S3), all
control algorithms presented here must be implemented in the C programming language on this
microcontroller. The power board contains the six silicon carbide metal-oxide—semiconductor
field-effect transistors (SiC-MOSFETS), including the gate drivers, the DC link capacitor bank,
and the measuring circuits for voltages and currents. Both boards are stacked on top of each
other and connected to transmit the measurement and control signals.

The two boards are mounted on the backplane, which is used for the signal and power connection
to the other devices. For example, the DC link is passed through all backplanes so that any device
can connect to it. Each unit has its backplane on which the device-specific internal connections
are made. The whole assembly is built into the system’s housing, an aluminium extruded profile
with fins on the outside. The MOSFETs are pressed on the inside of the housing by patented
retaining springs for transistors. This is very important because the dissipated power of the
MOSFETs must be transmitted to the outside of the sealed housing to avoid overheating.

An additional filter board is required for the DC/DC converter and the grid inverter. On the
filter board is an LC filter with the inductance L; and the capacitance Ct, one filter for each of
the three phases. The three capacitors are connected in star. To keep the similarity between
the devices and reduce component diversity (Specification (S2)), the DC/DC converter and the
grid inverter use the same inductor. Since the requirements for the grid inverter are stricter,
the inductor is designed for this device. The dimensioning of the filter will be described in
Sec. 2.5.1. In the case of the DC/DC converter, the star-point is connected to the lower DC link
potential DC—. The star-point is connected to the midpoint M of the split DC link capacitors
for the grid inverter. The reason for this is explained in Sec. 2.5.2. These individual connections
are made on the respective backplane. Fig. 2.2 shows a block diagram of the three devices with
the different variations of the star-point connection.

The power rating of the generator units are given by the WEC design. With a maximum torque
of 50 Nm and a rotational speed of up to 1000 rpm, the resulting power is about 5.2 kW. Since
the same power electronics are used, the nominal power of the grid inverter is also in this range.
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Figure 2.2: Block diagram of the three devices with the different variations of the star-point
connection.

With the DC/DC converter, significantly higher power can be achieved because a DC voltage
and no sinusoidal AC voltage are connected at its phases. For the functionality of the inverter,
the DC link voltage must be higher than twice the peak value of the grid voltage. The grid
voltage’s root mean square (RMS) value is 230 V in Europe. Hence, the chosen DC link voltage
range is between 750 V and 875 V.

The chosen topology that can be used equally for all three devices is a three-phase two-level VSI.
The circuit of the basic power electronics is shown in Fig. 2.3. The connections and signals on
the backplane are illustrated at the bottom. All communication signals and power connections
that must be passed to the neighbouring devices are connected to the backplane. RS-485 and
the controller area network (CAN) are used for communication between the devices. Various
logical signals on the backplane are controlled via the serial peripheral interface (SPI). Not all
connections are always required. For instance, the quadrature encoder pulse (QEP) signals are
used only in the case of the motor drive for the position encoder of the electrical machine.

In the centre is the microcontroller that measures the various signals and controls the MOSFETs.
The current sensors for the three phases are mandatory for the current control. They are located
on the converter side, mainly because they must be placed on the power board to keep it common
for all units. A helpful feature is that they can also be used at this position to protect the power
electronics and prevent overcurrents.

The LC filter for the DC/DC converter and the grid inverter has two connections for the star-
point. Depending on the device, the necessary connection is made on the backplane. For those
two devices, a voltage measurement on the filter output is required. Since the filter is placed
on a different board and the transmission path is longer, the transmission must be more robust,
which is guaranteed by the AX¥-modulated measurement.

2.1.1 Switching Elements and Half-Bridges

The six SiIC-MOSFETs are forming three half-bridges, one for each phase. With a half-bridge,
the desired voltage can be applied to one phase. SiC-MOSFETs were chosen because they
exhibit lower losses than conventional silicon (Si) MOSFETSs at this voltage rating. Specifically,
their drain-source on resistance Rgg oy, is lower than for Si-MOSFETs. Moreover, they have an
internal body diode with a much lower reverse recovery current, which further reduces losses [62].
An alternative would be an insulated-gate bipolar transistor (IGBT). Still, they cannot achieve
such high switching frequencies as desired here. With IGBTs, switching frequencies up to about
30 kHz can be achieved. SiC-MOSFETSs have a lower gate charge, which enables higher switching
frequencies and, thus, smaller filter components [63, Sec. 4.4.2]. It is shown that an efficiency
increase of about 1 % can be achieved by simply replacing the IGBT with SiC-MOSFETS in an
existing device [64, Sec. 2.7]. In general, it is to be expected that SiC-MOSFETs will increasingly
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Figure 2.3: Electrical circuit of the basic power electronics with the split DC link capacitors and
the six SiC-MOSFETs.

replace IGBTs. It was already demonstrated that SiC-MOSFETs with a rated voltage over 10 kV
are possible, which can enable high-power devices [65, 66].

The switching frequency is chosen as high as possible to keep the inductance small and, at the
same time, not to let the switching losses become too large. For the DC/DC converter and the
grid inverter, the switching frequency is 70 kHz. For the motor drive, the switching frequency
does not have to be as large as for the other two devices, as the inductance of the electrical
machine is significantly greater than the filter inductance L¢. Therefore, it is set at 20 kHz. The
advantage of selecting a frequency above approximately 16 kHz is that the human ear can no
longer perceive that noise caused by the switching processes.

Fig. 2.4 shows the derivation of the model for the half-bridge. Fig. 2.4(a) shows a half-bridge
with two MOSFETs and the filter inductor with its inductance L; and its equivalent series
resistance Ry. The bridge works in complementary mode, meaning that if the upper MOSFET
is on (o = 1), the lower one has to be off (¢ = 0) and vice versa. A so-called dead time must be
added to avoid a short circuit that can occur if both MOSFETs are turned on simultaneously.
The dead time is a short period during which both switches are off. It is inserted after one
switch is turned off and before the other is turned on. During this time, the current is flowing
through a body diode. In Fig. 2.4(b), the MOSFETs are replaced by their equivalent circuit,
which consists of ideal switches, the drain-source on resistance Rgys o, and the body diodes.

Since SiC-MOSFETs switch very fast, the dead time can be very short. Compared to the
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Figure 2.4: One half-bridge of the VSI with (a) the two MOSFETs, (b) the equivalent circuit of
the MOSFETs and (c) the simplification of the half-bridge.

switching period, the dead time and the associated influence of the body diodes and the switching
behavior can be neglected. Neglecting this may only sometimes be possible and should be
evaluated for each case [67, 68]. Fig. 2.4(c) represents the simplification of the half-bridge.
Because the current i) flows either through the upper or the lower switch, the resistance Ryg oy
can also be considered to be in series with the inductor [1]. In the following, both resistances
will be combined to the resistance R; with

Ry = Rys on + Ry - (2.1)

With the electrical machine, where no additional filter inductance is required, the drain-source
on resistance Ry, can be combined similarly with the copper resistance Ry of the electrical
machine. Thus, the conduction losses of the MOSFETSs are modelled and included, which allows
for a better controller design and loss calculation.

2.1.2 Dimensioning of the DC link Capacitor and Voltage Balancing

Multiple aspects must be considered when dimensioning the DC link capacitor. One of the first
considerations is sufficient voltage strength. The rated voltage of the DC link capacitor must
be higher than the maximum expected DC link voltage, which is 875 V in this case. Single
capacitors with such a high-rated voltage are film capacitors. Typical electrolytic capacitors
for this application have a voltage strength of around 450 V. Therefore, two capacitors must
be connected in series to achieve the required voltage strength. However, the capacitance of
electrolytic capacitors compared to film capacitors is higher for a given space, which contributes
to the stability of the overall system (see Sec. 3.2.5). On the other hand, the parasitic equivalent
series resistance (ESR) of film capacitors is much lower, which makes them more efficient. A
compromise must therefore be found between installation space, stability, efficiency, and costs.
This compromise determines the lifetime of the capacitors. According to [69], capacitors usually
have the most significant impact on the lifetime of power electronic devices. A capacitor can
break when a notable external anomaly occurs, such as an overvoltage. During regular operation,
this can be avoided with safety measures in the software. However, capacitors also age over time.
The ESR also plays an essential role in lifetime calculation. The life of a capacitor ends when
its parameters exceed the specified values, which are affected by operating conditions. For
example, the typical end of life is reached when the capacitance has dropped by 20 %. If the
typical tolerance of 20 % of the capacitance is also considered, the capacitance at the end of life
is only 64 % of the stated nominal value [70-72]. It is essential to take this into account when
considering the stability of the system.
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Figure 2.5: Exemplary current zgch through the capacitor of the grid inverter with a constant

input DC current iY=5A during ten switching periods 7.

The factor that has the most effect on the lifetime is temperature [72]. The law of Arrhenius
can be applied to all kinds of electrochemical storages to estimate the influence of temperature
on lifetime. From this, it can be deduced that an increase in temperature of 10 K halves the
lifetime of the storage [73, 74]. The highly pulsating current flowing through the capacitor causes
power loss on the ESR and induces self-heating of the capacitor. Therefore, the maximum root-
mean-square (RMS) value of the alternating current is typically limited in the datasheets of the
manufacturers.

Fig. 2.5 shows a simulation of the current through the capacitor of the grid inverter with a
constant input DC current idC, which is reasonable for a short period. The DC link capacitor
must provide the switched current, resulting in a rapidly changing current that causes high
thermal stress. The current ZSCh through the high-side capacitor (indicated by the subscript h)
is defined by

, . (0 T,
Zg,ch _ ch _Un (o_abc) Zfbbc’ (22)

where u{ is the high-side DC link voltage, Ry, is the balancing resistance, 0% := (0%, 0", 0°) " are
the switching states, and iich is the sum of the switched phase currents ifbbc = (iy, i? ) zf)T through
the high-side MOSFETs. To limit this so-called ripple current through one capacitor, more can
be connected in parallel to share the current and thermal stress, thereby increasing the overall
capacitance. Since a high capacitance makes the system more stable, the DC link capacitance
was designed to be as large as possible, which is why aluminium electrolytic capacitors are used
here. Section 3.2.5 discusses the effect of the capacitance on the system’s stability in more detail.
A side effect of the aluminium oxide layer inside the capacitors is that a small current, the
so-called leakage current, continuously flows through it. This current depends on the applied
voltage, the temperature, the time, and the parameter dispersion between the individual ca-
pacitors. If these capacitors are connected in series, this unavoidable dispersion can lead to a
voltage unbalance, which needs to be compensated for to avoid overvoltage [75]. The manu-

facturers recommend a simple resistive voltage divider connected in parallel to the capacitors.
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The formula to calculate the resistance differs between the manufacturers. However, the main
statement is the same, namely that the balancing current must dominate the leakage current.
Therefore, the resulting resistance values are always about the same as well [72, 75].

For the used parallel-series connection, where nine capacitors are connected in parallel to one
capacitor bank and two banks are connected in series, one balancing resistor R, for each bank
is provided and considered in the model. Applying Kirchhoff’s law on the current node of the

midpoint M gives
dc dc

iS5+ i e = 065+ (2.3)
2 2
Since the midpoint M is only connected in the case of the grid inverter, the current i., can be
influenced externally. However, the current 4., can also be interpreted as a leakage current of
the capacitors. In both cases, it introduces an unbalance, and can lead to a voltage difference

At = e — (2.4)
between the high- and low-side DC link voltages u{® and u{'®, respectively, leading to

tel = lch — lem

Audc _ & (-dc .dc . )

2
o Rb d dc dc Rb .
=5 2Cac g (Ul — up ) — 5 fem (2.5)
d R
= _Rb Odc &Audc — 719 icm .

Rearranged, the dynamics of the voltage difference Au’® are given by

d dc 1 dc 1 .
CAut = - Aute —
a= RyCyo ' T 20

(2.6)

The dynamics of the voltage difference Aut® depends on itself but with a negative sign, which
indicates a decaying behaviour that is introduced by the balancing resistors. Furthermore, for
steady-state conditions, the voltage difference is given by

(2.7)

The smaller the balancing resistance Ry, the smaller the voltage unbalance. However, this
reduces the efficiency.

For the motor drive and the DC/DC converter, the midpoint M of the split DC link capacitance
is not connected and remains floating, meaning only the leakage current causes an unbalance.
Equation (2.6) shows that the balancing resistors Ry, reduces the voltage difference, and since
the leakage current is very small, the voltage difference is also minimal and can therefore be

neglected. Thus, the assumption
dc

U = il = UT (2.8)

can be made, and the DC link capacitance can be combined into one single capacitance Cy, for
the devices without a midpoint connection. In the case of the grid inverter, the current i, must
be kept at zero by the controller to avoid an unbalanced DC link.
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2.1.3 Electromagnetic Compatibility Filter

Every electrical device on the market must meet the requirements for electromagnetic compati-
bility (EMC). It must be proven that the device does not disturb other devices and cannot be
disturbed. The emitted electromagnetic energy can affect the functioning of other devices. This
effect is called electromagnetic interference (EMI).

To verify the EMC, measurements must be made to prove that the disturbances remain below
the limits defined by standards. The standards differentiate between conductive and radiative
coupling. Radiative coupling is EMI caused by electromagnetic waves. Since the aluminium
housing of this electrical system is earthed, meaning the metal is connected to the protective
earth (PE), the electromagnetic waves are very well shielded. For the conductive coupling,
current harmonics and voltage disturbance on the cables are measured. In Europa, the current
harmonics are measured up to the 40th harmonic, meaning 2 kHz [76]. These current limits
are mainly relevant for uncontrolled diode rectifier. With a VSI, these limits do not pose any
difficulties, especially if the switching frequency is much higher than 2 kHz.

On the other hand, with a high switching frequency, it is more challenging to comply with the
voltage limits in the higher frequency range. These interferences are measured from 150 kHz
to 30 MHz [77]. Unlike the current harmonics, this interference frequency is higher than the
switching frequency, and they cannot be affected by the current controller due to the Nyquist-
Shannon sampling theorem [78, Sec. 10.2]. Therefore, passive filter components are used to
attenuate the disturbance signals. The lower frequency limit of 150 kHz is also a reason why
70 kHz is chosen as the switching frequency. If the switching frequency is below 75 kHz, the
second harmonic does not fall within the measurement range, making the design of the EMI
filter somewhat easier.

Many sources in the electrical device can cause the disturbance. They can be caused by auxiliary
components like power supplies, communication signals, or oscillators, but the primary source is
usually the switching of the power MOSFETSs. The switching process and the associated steep
voltage transient on the phases of the VSI generate interference signals with a high-frequency
range. The problem is that real components do not have ideal behaviour over the whole frequency
range. For example, the adjacent wires of the inductor of the LC filter form a capacitance that
causes the inductor to behave capacitively in the high-frequency range [79, Sec. 5.6]. This
capacitance does not block the high-frequency signals so that they can propagate through the
circuit and into the grid. This unwanted capacitance is called parasitic capacitance. Additional
and well-designed EMI filters are required to attenuate the disturbing signals.

The EMC theory distinguishes between differential- and common-mode interference [79, Sec. 6.1].
The interference just described is a differential-mode interference as they flow into the grid via
one phase and back via another. Common-mode interference occurs when it flows out of one
phase and back over peripheral conductors like the PE and housing. They can be caused by
current paths that run parallel to earthed parts and, thus, also form parasitic capacitances.
The MOSFET itself makes one of the most important contributions to this. The back of the
TO-247 housing, in which the MOSFET is built, is connected to the drain terminal, as shown in
Fig. 2.6(a). This results in better thermal behaviour, as the MOSFET can be better thermally
coupled to the heat sink. As the heat sink is usually earthed, a special insulating foil must be
inserted between them, which insulates electrically but conducts well thermally. The downside
is that this builds a parasitic capacitance Cp; , from the drain terminal of the MOSFET to the
earthed heat sink, as shown in Fig. 2.6(b).

A simplified single-phase circuit illustrates the sources of differential- and common-mode inter-
ference in Fig. 2.6(c). The parasitic capacitance Cp,; 1, is only added to the low-side MOSFETS,
since the drain potential of these MOSFETS, in contrast to the high-side MOSFETs, changes
permanently with the switching process. To model the non-ideal behaviour of the filter induc-
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Figure 2.6: Illustration of the (a) TO-247 package of the MOSFET, (b) creation of the parasitic
capacitance, and (c) the simplified single-phase circuit with the differential- and common-mode
interference.

tor, a parasitic capacitance Cp,, 1 can be added in parallel to the inductance Ly and the filter
resistance R;. Caused by the switching of the MOSFET, high-frequency interference current
will flow into the grid, resulting in an interference voltage that can be measured at the termi-
nals of the device. In the case of the common-mode, the current is flowing back via the earth
connection.

In addition to EMI filter components designed to block the flow of these currents, current paths
can also be provided to allow the current to flow back to the source of interference already
within the device. For this reason, special-rated capacitors are connected from the PE potential
to paths of the main circuit. Where these connections must be made is strongly dependent on
the layout of the circuit. Usually, those capacitors are installed between PE and the DC link
potentials and from PE to the EMI filter at the terminals of the device.

The required EMI filter also consist of a combination of inductors and capacitors. However, since
the components must act mainly at high frequencies, the component values are small compared
to the LC filter for current filtering. They are several orders of magnitude smaller and can
therefore be neglected for the controller design. Moreover, since the fundamental frequency of
the interference is the switching frequency, the high-frequency interference signals can only be
damped by passive filter elements and not by the control algorithm. Therefore, the EMI filter
components are neglected for the modelling of the dynamics and not further considered in the
following.

27



CHAPTER 2. HIGHLY MODULAR POWER ELECTRONICS SYSTEM

.dc .dc

DC+ ? lo,h
o > >
a | bl c
o o o “
de | ==2C3. [ ]EBr  a i A
Uy, 2 Uf »>—0
a / ub 717
¢
u¢ -—— > g
\ c
— Ug ? C
de | ==2Cq. [ | B \b >0
u) 2 Ea Foa o_c
[, :d
DC— .dc
lo,1 .
lem M
< 0

Figure 2.7: Circuit of the examined three-phase two-level inverter topology with the six switching
elements.

2.2 Modulation

The modulation is the interface between the implemented control algorithm in software and the
hardware with the switching elements, for example, MOSFETs. It takes the desired reference
voltages, which should be applied, and generates the switching signals o®¢ := (o, b,aC)T.
Three-phase two-level VSI, like the one examined here, shown in Fig. 2.7, have six switching
elements, where two are connected in series to a half-bridge, controlling one phase voltage. Each
of the three half-bridges is connected in parallel to the DC link. To avoid current shoot-through
faults, the half-bridges work in complementary mode, meaning that if the upper switch is closed
(o = 1), the lower one must be open (7 = 0), and vice versa. The voltages uf’:= (uf, u?, uf) "
applied to the phases, are related to the switching states with

)

uf® =y g — (1 — a’abc> . (2.9)

The indices of the quantities are omitted here and not explicitly specified because they are
intended for the end application. Here, a general consideration should be made.

¢ 5o that the average

The objective of the modulation process is to find switching states o
voltage applied during a switching period T, matches the required reference voltages u?f;‘éf =

(Uf yo» ugref, ufvref)—r. This yields the condition

1 (k+1)T,,
U?I;Zf[k] =7 / (uﬂc o — e (1 — aabc)) dr, (2.10)
SwW
KT

where k € N is the number of the sampling period and u??{;f[k] are the computed reference
voltages at the period k.

There are many different modulation techniques discussed in literature, see [80, Sec. 5.3] and
[81, Sec. 8.4]. However, only the two most widely used methods in the industry, pulse width
modulation (PWM) and space vector modulation (SVM), are briefly discussed here.

2.2.1 Pulse With Modulation

For PWM, the reference voltage is compared to a so-called carrier signal or modulation sig-
nal, which is usually a sawtooth or a triangular signal. The intersection points of the signals
determine the switching times of the MOSFETs.
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Figure 2.8: Example of a PWM for one half-bridge, where the switching state ¢ in the lower
subplot is generated by comparison of the scaled reference voltage [—| with the carrier sawtooth
signal [—].

Microcontrollers for power electronics applications have an integrated PWM module that only
needs to be configured and can be used immediately. It takes a scaled reference voltage and
generates the switching states. The significant advantage is that this process works on a hardware
level of the microcontroller, where many additional features, such as reactions to specific events,
for example, tripping events for overcurrent protection, are also implemented. Additionally,
the mandatory dead-time, sometimes called dead-band, can easily be added, which is a short
time between toggling the semiconductor where both switches are off to prevent a short circuit.
This necessary dead-time leads to a nonlinear deviation of the applied output voltage from the
reference voltage, which needs to be compensated for if the effects are no longer negligible [82].

The hardware implementation of the PWM module by the manufacturer makes the modulation
fail-safe, fast and frees up the processor for other tasks. The modules of a microcontroller
are also interconnected to each other, which allows to configure a desired schedule. In many
applications, it is necessary to sample the current at a specific instance during the PWM period.
Therefore, the PWM module can trigger the analogue to digital converter (ADC). Once the
ADC has finished converting the analogue signals into digital signals, it can trigger an interrupt
where the control algorithm can be computed. The result of the control algorithm is a new
PWM reference value for the following period.

With all these advantages, it is only reasonable to utilise the existing PWM module of the
microcontroller. Figure 2.8 shows example modulation signals for one haft-bridge. The carrier
signal ¢y, is selected as sawtooth for symmetrical modulation. If the scaled reference voltage
is greater than the carrier signal, the upper switch is turned on. Otherwise, the lower one is
turned on. The carrier signal ¢y, is an integer up/down counter, clocked with the carrier
frequency f; pwm defined by the PWM module and derived from the system frequency of the
microcontroller. The PWM frequency f. ,wm and the maximum counter value K., define the
switching frequency

1 fc pwm
= = 2.11
fsw T 2K, ( )
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The interface between the controller and the PWM module is the compare values cfgfc defining
the switching instances. These integers must be between 0 and the maximum value Ky, of
the carrier signal. The calculation of this can be derived very easily from Figure 2.8. It will be
assumed that the upper and lower DC link voltages are equal, i.e.
dc
wl = e = “7 , (2.12)

Furthermore, switching is assumed to be ideal, and the DC link voltages do not change consid-
erably during one switching period. Thus, (2.10) becomes

dc
uffer = 5 (23 1) | (2.13)

where ¢ .= (d%, d’., d%;) " are the duty cycles, defined as the ratio of the on-time tg?gn of the
upper switches to the switching period T, with

(n+ 1)Tsw abc

1 t
dbe = = / o dt = 2 (2.14)
SwW SW
nTy,

Since the on-time can be at most the switching period, the duty cycle is limited to

0 < { ?efvd?efv Eef} < 1. (215)

It can be set with the corresponding values c?é’fc of the PWM module with

abc

b Cref
dry = Kre ) (2.16)

pwm

Rearranging (2.13) and inserting (2.16), the compare values cfé’f can be derived from the refer-
ence voltages u‘flﬁf for each phase with

’U,?bcf 1
b )
Crof = < =+ 2) K - (2.17)
u
The maximum feasible output voltage can be derived from the inverse function of (2.17), given
by
b ac [ cif 1
aoc C Te
wfl =1 [ X — ) (2.18)

As the compare value is limited to 0 and Ky, the absolute value of the maximum feasible
dc

output voltage is limited to “5-, which is also shown in [81, Sec. 8.4.5] and [83, Sec. 2.2.5]. This
must be guaranteed by limiting the reference voltage by the controller with

udc " b . udc
- 2 < {uf,refauf,refauf,ref} < 9’ (219)
: ool = e Vs () < B 2.2
‘uref (umf) + (uref> =9 ( 0)
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if considered in the (a,3)-plane, which is introduced in the following section.
As indicated in (2.10) and (2.16), the reference voltage is only fully reached on average at the
end of the switching period. Additionally, the calculated duty cycle is typically updated in
the subsequent switching period to avoid intermediate switching. Both lead to time delay 7,,
between the update of the reference voltages u?ﬁéf until the average voltages ui’ are fully
applied, which depends on the implementation and varies within the interval

Tavg € 3 2] T (2.21)

In the frequency domain, this delay can be approximated with a first-order transfer function
by building a Taylor series and truncating it after the first term, which is valid for a small
delay 7,,, < 1. This yields the transfer function [84, Sec. 14.3.1.3]

—abce

’U/fbi(s) — e_STavg — 1 . ~ 1 (222>
aoc )

’ll/fJef(S) 1 + SZalvg 4 (s T;\!/g) + ... 1 + s Tavg

which is used to model the modulation process and account for it in the controller design.

2.2.2 Space Vector Modulation

For PWM, each phase is considered individually. When used with electrical machines or the grid,
which is also generated by electrical machines, the three phases are not completely independent.
The three windings a, b and ¢ of an electrical machine are spatially shifted by 120° = %71’ to
each other. In classical space vector theory, the three-phase system is considered on a plane,
and the three phases span a reference frame with three axes. When the three phases of the VSI
are connected to this three-phase system, the applied voltages act in the respective direction of
the connected phase. Since there are two switching states per phase, two voltage vectors can be
applied either in the direction of the respective axis or the opposite direction. These six vectors
are called switching vectors or sometimes active or basic vectors.

The fundamental idea behind space vector modulation (SVM) is to obtain the reference voltage
vector u?ﬁféf by the geometrical combination of the two adjacent switching vectors during one
switching period. Since the reference frame is overdetermined in the plane with three vectors
shifted by 120°, it is transformed into the orthogonal (a,3)-reference frame. For this pur-
pose, the switching vectors are transformed by applying the Clarke transformation matrices [84,
Sec. 14.2.4], [85]

1 1 2 V2

1 =3 =3 nE 0 %5

3 3 -1, 1 2
To=r|0 F —F| and T'=_|-3 5 F|. (2.23)

11 1 11 V2

V2 V2 V2 3 V3 3
Here, the full Clarke transformation matrices are given, which lead to an orthogonal («,3,7)-
reference frame. The coefficient n:% is chosen, which yields an amplitude-correct transforma-

tion. This means
" =", (2.24)

which only holds for symmetrical systems with 2l +at=0 (see Appendix A.1). The electrical
power is given by

Dol = (uabC)Tiabc _ %(uaﬁ'y)Tiaﬂ'y ' (225)
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Table 2.1: All eight possible switching state combinations for o, o® and o° for each phase

. : T . . .
and the respective vector notation o := (6%, o°,0°)" with the corresponding active voltage
vector u®?7.

e O'b o o_abc uaﬁ’y

abc _ _abc afy

o 0 0 0000 =00 Ugo0

abc __ _abc afy

1 0 0 0100=01 U100

abc __ _abc afy

1 1 0 O110=02 U110

abc __ _abc afy

o 1 0 0010=03 Up10

abc __ _abe afy

0o 1 1 0011 =04 Up11

0 0 1 abc _ _abe afy

0001 =05 Ugp

abec __ _abe afy

10 1 0101=0% U1

abec __ _abe afy

11 1 0111=07 Uy

For a three-phase two-level VSI there exist 2%=8 possible switching states, listed in Table 2.1.
The switching vectors u®7 results by applying the Clarke transformation to (2.9) with

w7 = T, u™. (2.26)
In Fig. 2.9, the switching vectors are shown in the («,f3)-plane, which span the familiar voltage
hexagon with the six sectors. The order of the switching states in Tab. 2.1 corresponds to
the counter-clockwise order of the vectors in this figure. The numbering is also adapted to
this order and does not correspond to a binary interpretation of the switching states. The two
vectors ughy and u$?Y in the centre are called zero vectors because they do not contribute any
- or B-component. The desired reference voltage vector u?f;«Zf can be composed of the adjacent

voltage vectors, which define a sector. The sector can be determined by the angle

0 U =0V, ufer >0V

arctan Lt ,u?ref >0V
O.0p = Ut ref ’ 2.27
R P Ut =0V, U <OV (2.27)

U re 8
arctan ﬁ + 27 s U o < oV
of the reference voltage vector. The searched sector kg is given by the floor function
6

k= |6 refJ : 2.28
= o5 (2.28)

The duty cycles d, and d; can then be calculated for the right and left adjacent switching vectors
with
afy

t u

d, = Tr =3 f;ir:f sin <g - (Gref — k:;;)) and
W 1157 (2.29)
t Ug o || . T

dl = TSIW = \/3 udrce S11n <9ref - k53> 5

respectively [80, Sec. 5.4.1]. For the remaining time of the switching period, the zero vectors
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dc

D=

o
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uoc / udc

Figure 2.9: Voltage hexagon spanned by the six active voltage vectors in the («,3)-plane, the
reference voltages u?ﬁ‘éf [—] in the sector k, = 2 composed by the adjacent switching vectors
[—] and the voltage limits for PWM [-- -] and SVM [- - -].

with the duty cycles dy and d; are used such that
dy+dy+d, +d =1 (2.30)

is satisfied. Since both zero vectors do not contribute to the reference vector, the duty cycles dy
and d; can be divided arbitrarily. There are different approaches with different purposes [86].
The straightforward one is to split the remaining duty cycle equally between dy and d-. Another
approach is a so-called hardware-determined switching pattern, where the remaining time is
assigned to only one zero vector. This has the advantage that one switching state does not
change during the period, which reduces switching losses. But it also leads to asymmetry and
results in small harmonics due to the unevenly used dead-time among the three half-bridges [87].

The resulting duty cycles can now be assigned to the duty cycles ?ffc with

d
abc abe abe| dl” 0<k.<4
Okl Okg2 O7 | 1 U S Rg >
d
dols — ’ (2.31)
d,
[agb‘: o"llbc a?bc d ks =05.
dy
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SVM PWM

af dabc abc abc

VSI
ref % ref ‘: L‘ﬁ% ug

dc

Figure 2.10: Block diagram of the space vector pulse width modulation (SVPWM).

Using (2.16), the compare values cfgfc can be computed from the duty cycles, which can be
passed directly to the integrated PWM module, as shown in Fig. 2.10. The advantages of the
PWM module can be used again, and the desired switching patterns are generated by hardware.
Therefore, it is still reasonable to utilise the existing PWM module of the microcontroller. The
SVM can be seen as an additional module between the controller output and PWM Module.
This combination is sometimes referred to as space vector pulse width modulation (SVPWM).

The maximum feasible output voltage is limited to

dc
\/7 H ?bcf U
re \/’

which is defined by the circle that touches the edges of the hexagon. In Fig. 2.9, both limitations
for PWM and SVM are shown with their respective circle.

f ref (232)

The reason why the SVM has an extended range lies in the utilisation of the y-component.
This becomes clear when looking at the result of the modulation in Fig. 2.11. It shows the
fundamental frequency of the output voltage from PWM and SVM. The switching frequency
and its harmonics are removed by forward-backward filtering, where the signal is first filtered
forward and then backward to remove phase distortion [88]. The reference voltages for both cases
are the same sinusoidal, symmetrical three-phase voltages, indicated by the black dashed line.
PWM follows the reference signal very well, as seen in the first subplot. A small delay between
the reference and the filtered voltage can be noticed, which is half the switching period T,,. This
is caused by the fact that the voltage can only be reproduced on average during one switching
period. The transfer function (2.22) takes this delay into account.

The plot in the middle shows the result of SVM, where both zero vectors are equally applied.
The difference in the results from PWM arises from the utilised «-component. The sum of all
three voltages is shown by the violet dashed line, which lies on top of the diagonals. Note that
this is not exactly the v-voltage u”, since

v V2

3 (ua +u’ + uc) . (2.33)

u

However, the fundamental of the line-to-line voltages u®”* with
a-b-c abe
w=10 1 —1|u (2.34)

are not affected by this y-component, shown in the third subplot. Both PWM and SVM result
in the exact same line-to-line voltages. From the point of view of a connected electrical ma-
chine, there is no difference in the applied voltage. The additional y-component only changes
the fundamental frequency of the potential between the star-point of the machine and ground
according to the violet curve in Fig 2.11. The desired current remains unaffected by this.
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Figure 2.11: Comparison of the filtered results of PWM in the upper subplot and SVM in the
second subplot with the sum of all three voltages [—] and the same reference voltages [---],
which results in the same line-to-line voltages ua'b'c, shown in the lower subplot.

The reason for the behaviour of SVM is that each of the six active vectors also has a ~y-voltage
with an amplitude of %udc. This can be seen in Fig. 2.12, where the three-dimensional voltage
space is shown in an orthogonal projection onto the («, )-, (a,y)- and (v, 8)-plane. Notice that
the (v, B)-subplot at the top right has a reversed horizontal axis so that the plots fit together
accordingly. The first subplot shows the same hexagon as the previous figure on the («, )-
plane. The view on the («,)-plane, shown in the lower subplot, reveals the v-component of
the switching vectors. From this point of view, the vector uShy is lying over uSly, and ue,’
over uglﬁg . The space spanned by all switching vectors forms a cube and not a more complex
polyhedron, as it might be assumed. The four switching vectors u$h, u$ty, uS> and ully
point at the centre of the edges of the cube from the (a,)-perspective [2].

The two yellow arrows indicate how the reference voltage vector is composed of the adjacent
switching vectors. The contribution of the two zero vectors is not shown since they are of equal
length and cancel each other out. In the («, 3)-plane, the two yellow vectors match with the
reference voltage vector as desired. However, in the other planes, it becomes evident that the
~y-component of the switching vectors leads to a deviation.

The y-component is essential for the proper operation of the grid inverter and must, therefore,
be considered in the modulation. If the y-voltage does not lead to an undesired -current in the
system, e.g., in motor drive applications, SVM can be used to increase the maximum feasible
output voltage by % = 1.155 compared to PWM. Similar results can be achieved by injecting

harmonics in the reference voltages before passing it to the PWM module [83, Sec. 3.3], [86].
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Figure 2.12: Three-dimensional voltage space represented in an orthogonal projection onto the
(a, B)-, (a,7)- and (v, B)-plane with the reference voltage vector u®f [—] in the sector k = 2
composed by the adjacent switching vectors [—].

2.2.3 Extended Space Vector Modulation

If a specific y-voltage also needs to be applied by the VSI, it can be included in the modulation
process. Therefore, the zero vectors o’ and o2’ are utilised as they are pure v-vectors. The
modulation objective from (2.10) can also be represented as

5 " udc dr
u?,re? = TC ulfl,ri)f = 7 TC TO',kSJrl dl , (235)
dy,

by means of (2.16), whereby the assumption (2.12) still holds.

The (3 x 3)-matrix T, ;1 is defined by the adjacent switching states azﬁil and az‘;iz of the

36



2.2. MODULATION

corresponding sector k, with

(@of —1) Qof-1) (20f°-1)] ,0<k <4
Top = (2.36)
(2o -1) (2of*-1) (of*-1)] k=5

Since the three active voltage vectors used in the matrix T7, ; ; are linearly independent, as all
three vectors point in different directions, the matrix is invertible. Hence, the duty cycles can
be calculated with

d abc afy

dr _ 1 2uf,ref 1 Tfl 2uf,ref 2.37
1| — Lokl ’LLdC — Lokl Fc udc . ( . )

d

The duty cycle d, represents the relative on-time of the zero vector o2 = &{35. As the ~-
voltage can become negative, d, will also be negative. This mean means that the zero vector
o8 = o8% needs to be more active than o9”. Furthermore, the constraint (2.30) still must be
satisfied, which means that the remaining time of the switching period has to be split equally
between the two v-vectors, leading to

dy=-(1—d, —d+d,). (2.38)

N | =

Inserting the resulting duty cycles into (2.31) and (2.16) leads again to the compare values b
which can be passed to the PWM module. The inverse matrices T, ,is 41 can be computed offline

for each sector to save computing time. The DC link voltage 4% should not be included in the
offline computation, as it changes and must be adapted during operation.

Applying the same reference voltages from the example in Fig. 2.11 to this extended SVM leads
to the same results as PWM. Since this technique also determines the ~-voltage according to
the desired reference voltages, no more degree of freedom is left to optimise the modulation.
The three-phase VSI has three degrees of freedom to apply a voltage vector, and each of them
needs to be used to apply the «, 3, and y-components of the reference voltages. Thus, the max-

imum feasible output voltage is limited to “%C like with PWM, which eliminates the significant
advantage of SVM in this case.

Furthermore, the saturation of the voltage vector is more complex in the three-dimensional
space [2]. It has the advantage that it can be decided which voltage component is to be saturated
so that, for example, the direction of the voltage vector is maintained but shortened. However,
if this is not desired, the computing time can be saved using PWM with a simple limitation of
the compare values, where the y-voltage is adequately considered.

2.2.4 High-Frequency Current Measurement

Safety standards require double isolation between the high-voltage circuits and low-voltage sig-
nals that can be touched, like communication lines. For this reason, the signals of the current
and voltage measurements need to be electrically isolated from the microcontroller. The indus-
try provides many integrated circuits for this purpose. Here, the isolated amplifier AMC1302
from Texas Instruments is chosen for the current measurement [89].

The phase current 7, is measured indirectly by the voltage over a shunt resistor R,,.,s.- This
voltage is then connected to the isolated amplifier, as shown in Fig. 2.13. The amplifier needs
two galvanically separated power supplies, each for the input and the output, which are not
shown here. The amplified and isolated output voltage then goes to the ADC unit of the
microcontroller.
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Figure 2.13: The electrical circuit of the current measurement with the reinforced isolated
amplifier AMC1302.

fow 250 kHz (—3 dB)

m T T3 T TTT7 T T T T TTTT] T T T T TTTT T T T T3 171 T T T T 1117
< 0 1 1 1
~ !
— 10} |
35l e I
5% —20 1
O 1
>5>§ —30} |
| | L L] | L L]
- Oo # # #i##“[ T T T T TT17] T E—— =
3 '
1
S -90° | '
9 :
g
s —180° |
N :
_2700 RN Pidiil RN
1 2 4
10 10 10° 10 10° 10°

f/ Hz

Figure 2.14: Frequency response of the gain V. of the amplifier AMC1302 [89] with the
discussed frequencies written on top corresponding to the dashed lines.

Typically, the PWM module triggers the current measurement when the PWM counter becomes
zero. At this instance, the upper MOSFET is open for half its off-time, regardless of the duty
cycle. This is when the current is equal to the average current value over one switching period. Is
the current sampled at this moment, the superimposed current ripple is ignored as desired, and
only the lower frequency components are measured. However, the measured current is falsified
if a propagation delay distorts the signal. The signal propagation time must be very low if the
current ripple has high frequencies, whose fundamental is the switching frequency.

The amplifier AMC1302 has a stated bandwidth of 250 kHz, which seems sufficient. However,
as the frequency response in Fig. 2.14 shows, the bandwidth is defined where the normalised
gain reaches —3 dB. At the relevant switching frequency f,, the gain is about 0 dB, but the
phase is around —45°, which results in a phase shift so that the usual trigger point leads to a
falsified current measurement.

Fig. 2.15 shows an exemplary current curve and the trigger points. On the top subplot, the
PWM carrier signal ¢y, with a constant compare value ¢, is shown. In the second plot,
the actual current and the output of the amplifier are shown. The amplifier output is rescaled
to a current to compare the signals. If the compare value exceeds the carrier signal, the upper
MOSFET is on, and the current rises. Otherwise, the current falls. The dashed violet line marks
the typical trigger point in both subplots. If there is no phase shift in the measured signal, the
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4
t / TSW
Figure 2.15: The top subplot shows the PWM carrier signal ¢y, [—] with a constant compare
value ¢, [—] and the lower subplot shows an exemplary current i, [—] and the amplifiers
scaled output [—] as well as the typical trigger point [---] and the multiple sample points [*].

average current, marked by the blue cross, could be measured. With a phase shift, the sampled
point corresponds not with the average current 4;, marked with a red asterisk, and a duty cycle
dependent error occurs.

To deal with this problem, a multi-sample method is introduced. Therefore, the ADC is triggered
multiple times during one period with equidistant sample points, as shown in the following period
in Fig. 2.15. The results of the ADC for each sample are transferred by the direct memory
access (DMA) unit of the microcontroller to an allocated space in memory. In the subsequent
period, the average value of all samples can be computed before the control algorithm. The
average of all samples gives the same result as the ideal sample point at ¢,y = 0. In addition, the
accuracy of the measured current is increased as the measurement noise is filtered by averaging.
The downside of this method is that the control algorithm can only be calculated in every second
period. Thus, the sampling period T is doubled, and, respectively, the sampling frequency f; is

halved with
1 2

T

However, this disadvantage can be tolerated since the switching frequency with 70 kHz is very
high.

T, (2.39)

2.3 DC/DC Converter

The DC/DC converter is needed to integrate energy storage systems (Specification (S4)) and
renewable energy sources (Specification (S5)) that provide DC voltage, such as photovoltaic (PV)
systems. A photo of the hardware is shown in Fig. 2.16. Besides the basic power electronics
unit, consisting of the power and control board, a filter board and a DC/DC board are required.
On the filter board are the three LC filters placed. The inductors are loose in the picture, as
they are screwed onto the housing during assembly. On the DC/DC board, the device-specific
voltage measurement and the PV switch are located. The PV switch is required to meet the
standards for PV systems.

The basic power electronics unit is used here, as shown in Fig. 2.17. The star-point of the
filter is connected to the lower DC link potential DC—. This topology is a so-called bidirectional
synchronous buck converter [90, Sec. 5.1.11]. Each of the three phases can be used independently,
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Figure 2.16: Photo of the DC/DC converter without the housing.

for example, each for one PV string, where more PV modules are connected in series. For the
connection to a storage, the three phases are connected to get a multiphase buck converter and,
thus, increase the output current. Therefore, each phase needs a separate current control loop.

At first, the model in state-space representation of the topology is introduced. It is followed by
the design of a voltage and a current controller in Sec. 2.3.2 and 2.3.3, respectively. It is shown
that this DC/DC converter can only be operated in current-mode. In Sec. 2.3.4, the implemented
controller with a robust and fast converging maximum power point tracker (MPPT) is tested
with a PV system under typical conditions. This also shows that Specification (S5) is fulfilled
for the most frequently used renewable energy source.
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Figure 2.17: The electrical circuit of the three-phase bidirectional synchronous buck converter.
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2.3.1 Modelling

Since the three phases are identical and independent, the modelling is done for only one phase
and the superscripts a, b and c¢ for the three phases are omitted. This bidirectional synchronous
buck converter topology requires that the secondary side voltage ug.. is always lower than the
DC link voltage u%, meaning the condition

udc > Ugec (24())

must be fulfilled during normal operations. If this is not the case, the body diode of the upper
MOSFET becomes conductive and an uncontrolled current flows into the DC link. However, this
can be useful to perform a black start if the current of the connected energy source is limited,
like for PV systems.

An advantage of the synchronous buck converter is that the inductor current ¢; can also become
negative. In a classical buck converter, the lower MOSFET is not present, and a diode is used
instead, resulting in the fact that the inductor current can only be positive, as (2.40) must hold
for a controlled operation. In case of low load, a classical buck converter enters the discontinuous
conduction mode (DCM), where the inductor current becomes zero during the switching cycle.
If this is not the case, the converter operates in continuous conduction mode (CCM). The
implemented synchronous buck converter here always works in CCM [90, Sec. 1.5.2].

7.dc idc
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o |
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i Ry Lg iq
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. .?. R uO’ RC uSCC RSCC
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H sinc3 T AZ
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Figure 2.18: The electrical circuit of one phase of the bidirectional synchronous buck converter
with the illustration of the voltage measurement and a connected load resistance Rge..

The midpoint M of the split DC link capacitance remains floating. In Section 2.1.2 it is shown

that the assumption
dc

Ul = il = UT (2.41)

can be made, and the DC link capacitance can be combined to one single capacitance Cy,
and the balancing resistors are neglected. The topology of the DC/DC converter is shown in
Fig. 2.18. Its dynamics are governed by the differential equations

d 1
&Z’l = IT (U udC - (Rf+Rc) il — Uef + Rc Z.sec)
f (2.42)
d 1 . .
&ucf = a (7'1 - Zsec) s
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where ¢ is the current through the filter inductance L¢, and u. denotes the voltage across the
filter capacitance C;. Since the inductor current ¢; or the secondary side voltage ug.. should
be controlled, it is reasonable to define them as output. The output voltage depends highly on
the output current ig... In order to derive an expression for the secondary voltage ug,., a load
resistance R,.. is added, yielding

Ugee

1
Rsec B RC + Rsec

’LSEC -

(uef + Redy) - (2.43)

This assumption is nearly always valid, especially for a small-signal analysis around a specified
operation point. This allows to derive the state-space representation given by

__ Rf Rc + Rf Rsec + Rc Rsec

RSSC

— g
i ( Z.l ) - Lf (RC + Rsec) Lf (Rc + Rsec) ( il ) + ff udc
dt \u Reec . 1 Ut 0
=Tgq - Cy (Rc + Rsec) Ct (Rc + Rsec) ?é—’
= Aqq o (2.44)
. ! 0 ,
1] @
(%ec) R Rgec Reec (ucf> ’
— L Re + Ree  Re + Ree
=Yad
=Cqq
2x2 2x1

where, 44 € R? is the state vector, Agq € R™ the state matrix, Byq € R™" the input matrix
and Cyq €R?? the output matrix. The index dd denotes quantities of the DC/DC converter.

As the switching state o appears in the equations, this model is a discontinuous representation
of the system, which does not allow to make classical stability analysis like Bode or Nyquist plots
and the design of a suitable controller. A common way to handle this is to derive an averaged
model where no switching states occur. The averaged model is a continuous representation
and a mathematical abstraction and simplification of the system. This model enables stability
analysis and speeds up simulations for long transient effects. The drawback is that detailed
evaluations, such as switching losses, can no longer be made. There are several methods for
model averaging [90, Sec. 2.7]. The state-space averaging method allows to derive the continuous
model directly from the state-space representation, where the average of the state matrices is
taken [90, Sec. 2.1], [91].

Here, only the input matrix Byg includes the switching state. The average is taken over one
switching period T, which results in

TSW
1
Bl = T / Byq dt = dyet Baqon + (1 — dref) Bad,off = dret Bad,on » (2.45)
SwW
0
where d,.¢ is the duty cycle and
1 0
Bagon = | Lt and  Bgqof = (2.46)
0 0

are the input vectors in case the upper switch is on (0 = 1) or off (¢ =0), respectively. The
duty cycle is defined as the ratio of the on-time of the upper switch to the switching period, as
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introduced in Sec. 2.2. The duty cycle results from the controller output u, ,r. The modulation
is responsible for matching the reference voltage on average during one switching period, as
defined in (2.10). Assuming that the voltage u, can be applied continuously, the model can
alternatively be derived very quickly by considering u, = d,.f u% as the input variable. The
averaged input matrix Bgq is then given by

Pdd — (247)

0

Notice that this is not necessarily the case in general. For example, DC/DC converter with only
one switch and one diode may have more than two discrete states, where the applied voltage no
longer depends on the switching state. In this case, a different averaging method needs to be
used.

The transfer function can be derived from the state-space representation with (see Appendix A.4)

ydd(s) a5
=Cyq(sly — Aygq) Byg, 2.48
Ugq(5) ad (sIo ad) Baa ( )

1+SRCCf
R R L 2 R
e R O e R LI G

Yaals) _ (Gddﬂu(3)> _ . (2.49)

Gaai(s) N - +Scf(1+RRC )

sec

L R
Jrmic] et frei(oms)]

R R,
1+R f +s |:RCCf+Rfo (1+ RS:C

sec

2.3.2 Voltage Control

If a constant output voltage of a DC/DC converter is required, the converter can be operated
in the so-called voltage-mode. This mode is the most common method of controlling a power
supply because it is easy to implement and requires no current measurement. Typically, only
the output voltage is used as feedback. However, stabilising such a system is more complicated.
Voltage-mode can also be used to integrate PV systems. Since a PV cell behaves like a current
source [92], a constant output voltage can be applied to operate the system at its maximum
power point. Therefore, voltage-mode will be briefly discussed here.

The frequency response of the transfer function Gyq,(s) from (2.49) with three different values
for the load resistance R is shown in Fig. 2.19. Due to the double pole of the LC filter with

the resonant frequency
1

- 2T vV Lf Cf
the phase of the power stage can reach —180°, which is typical for voltage-mode buck converters

in CCM. According to the Nyquist stability criterion, a control loop is stable if the magnitude
of the open-loop transfer function

fie ~ 2.56 kHz (2.50)

Fo,u(s) = Gr,u(s) Gdd,u(s) (251)

is below 0 dB when the phase intersects a critical phase of —180° [93, Sec. 6.3.4], [94, Sec. 3.13].
Note that the phase can cross this critical phase several times since it starts again at 0° after a
complete turn.

The implemented controller should be designed to maintain a minimum phase margin to make
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Figure 2.19: Frequency responses of the controller G, ,,(s) [—] and the transfer function Gyq ()
from (2.49) with Ry, = 10 Q [—], Rgee = 50 Q [—] and Ry, — 00 Q [—]. The discussed
frequencies are written on top corresponding to the dashed lines.

a control loop robust against parameter variations and reduce the overshoot after a transient
response. The phase margin is the distance between the actual phase of the open-loop transfer
function to —180° at the crossover frequency f,, where the magnitude crosses 0 dB. For a good
design, the phase margin should be between 30° and 60°, whereby 30° should be the absolute
minimum [90, Sec. 3.3], [95, Sec. 8.5.5]. For digital control systems, a phase margin of about 75°
should be aimed for.

A suggested controller for power electronics, where the phase of the power stage can reach —180°,
is the so-called type 3 controller with the transfer function [90, Sec. 3.5.8]

Gius) = 220 (1 - wzs,l) <1 + w:,g)

s (e (ran)

This controller can be compared to a real PID controller with an additional first-order low-pass
filter. It has an integral term % with a pole at the origin to achieve zero steady-state error.
The proportional gain, corresponding to the angular frequency wy, o = 27 f;, o, which defines the

intersection with the 0 dB line for a pure integrator.

(2.52)

S
Wp,1

Since the integral term induces a 90° phase lag, two zeros are necessary to boost the phase back
above the critical —180°. Hence, the two zeros w,1 and w, o are placed around the resonance
frequency fi.. The placement of the two poles w1 and wy, 9 depends on the zero of the plant,
caused by the capacitor’s ESR R, which is at the frequency

1

Jest = 271 R, C;

~1.69 MHz. (2.53)

If this frequency is within the control bandwidth, for example, near the resonance frequency, it
needs to be compensated for with one pole of the controller to prevent the magnitude of the
open-loop from flattening. A steep magnitude at higher frequencies is necessary to guarantee
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stability if the phase crosses —180° and to attenuate high-frequency disturbances to a large
degree. The second pole is placed at one-half of the sampling frequency f,. If the frequency fes,
is higher than %, as is the case here, both poles are placed there.

Finally, the proportional gain w;, ; determines the crossover frequency fy of the open-loop F, ().
This determines the dynamics or bandwidth of the controller. The greater the crossover fre-
quency can be selected, the faster the controller is and the faster it compensates for load steps. It
should be at least five times higher than the resonance frequency f. to dampen the second-order
filter effect. Otherwise, oscillations would appear during a transient response [90, Sec. 3.6.4].

Typically, one-twentieth of the sampling frequency in the case of digital design can be a target.
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Figure 2.20: Frequency responses of the resulting open-loop F, ,(s), with no load resistance R,
[~—]. The influence of the delay on the phase is shown by the dashed line [- - -]. The discussed
frequencies are written on top corresponding to the dashed lines.

The frequency response of the proposed controller G, ,(s) is also shown in Fig. 2.19. In Fig. 2.20,
the resulting open-loop frequency response of F (s) is shown, where the worst case from
Gad,u(s) with no load resistance (Rg. — o0 ) is used. The crossover frequency fy is set
to the smallest recommended value, which is five times the resonance frequency fi.. There,
the phase margin has a local maxima as desired. However, for digital control, the crossover
frequency should be at least ten times lower than the sampling frequency f; [90, Sec. 3.4], which
is not given here. This necessity becomes clear when the phase lag

—ST,
Le Wwve = 21 fr,

v (2.54)

is added, which is caused by digitalisation, see (2.22). The delay is caused by the reference
voltage that must be applied by the VSI and by sampling the analogue signals and their discrete
processing. The consequence is shown by the dashed turquoise line in Fig. 2.20. Since the phase
lag is proportional to the frequency, it causes the phase to fall below the critical phase before
the crossover frequency, clearly stating that this control loop is unstable.

One option would be to set the crossover frequency so low that the resonance frequency is
already sufficiently damped, but that would slow down the system’s dynamics so drastically
that it is not practical. This problem can also not be solved by adding another zero to the
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controller. Even though the switching frequency is chosen relatively high, it is still too low for
this application. Typical power supplies in voltage-mode work with higher switching frequencies
of several hundred kHz to achieve the desired dynamics. Another option would be to increase
the output capacitance and reduce the resonance frequency. However, the crossover frequency
is limited by the sampling frequency and the resulting delay, which is why it cannot be chosen
much larger even with this measure.

The Nyquist stability analysis is a very practical stability criterion where a delay can be directly
considered, which is why it was used here. Due to this delay and the design parameters, the
plant is already unstable, and it is impossible or impractical to operate this DC/DC converter
in voltage-mode. Usually, a constant voltage is required for PV systems. The following sections
show how the operation with a PV system can still be achieved without voltage-mode.

2.3.3 Current Control

The previous section showed that voltage control is not possible with classical control theory
for this configuration. This section introduces the current controller for the DC/DC converter,
where a cascaded voltage control loop can be implemented, which is sufficient for this application.

A common approach to control the current of a DC/DC converter, especially for power supply
applications, is to implement a peak current controller. This approach is not limited to the
topology of the buck converter, and it works for almost any other DC/DC topology. In peak
current control, the current through the inductance is measured and compared with a reference
value. When the switch is closed, the current increases depending on the applied voltage and
the inductance value. If the current exceeds the reference value, the switch is opened, and a
complementary switch is closed if available. The switch is turned on again at regular intervals,
which defines the switching period.

The comparison is usually made with a hardware comparator, making the switching fast and
straightforward and enables very high switching frequencies. Moreover, extreme current over-
shoots are prevented as well. A drawback is that with duty cycles greater than 50 %, subhar-
monic oscillations occur, which can cause noise and induce output ripple. Injecting a so-called
slope compensation eliminates this oscillation. This compensation signal increases over one
switching period. When switching occurs, the ramp is reset. It is either added to the measured
current signal or subtracted from the reference signal. Usually, the slope compensation is also re-
alised in hardware since a software implementation is too slow for high switching frequencies. [90,
Sec. 2.3]

Since it is impossible to integrate this slope compensation into the existing hardware, a classic
proportional-integral (PI) controller is to be designed and implemented. The frequency response
of the transfer function Gyq(s) from (2.49) with three different values for the load resistance R,
is shown in Fig. 2.21. The double pole of the LC filter with the resonant frequency fi. (see
(2.50)) introduces a phase lag of —180°. However, since the zero also depends on the load
resistance R, unlike the voltage transfer function, the zero has a lower frequency and gives a
phase boost of 90°. Thus, the power stage does not reach —180°, for which a PI controller is
very suitable. The integral action of the controller is required to achieve zero steady-state error.

To design the PI controller, the secondary voltage g, is considered a disturbance. This allows
the capacitance to be omitted so that only the inductance needs to be considered. Furthermore,
it has the advantage that the controller will remain stable regardless of the connected load. This
assumption is very reasonable if the DC/DC converter is connected to a battery or supercapac-
itors, as these stabilise the voltage. Therefore, it can be assumed to be constant in the range of
several switching periods. Moreover, a voltage feedforward is used to support the controller.
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Figure 2.21: Frequency responses of the controller G, ,,(s) [—] and the transfer function Gq;(s)

from (2.49) with Ry, = 10 Q [—], Rgee = 50 Q [—] and Ry, — 00 Q [—]. The discussed
frequencies are written on top corresponding to the dashed lines.

According to this assumption, the transfer function can be simplified to

1

* o il(s) _ Ry
Caail) = o &~ Tt srmg) A5 (2.55)

where 7,,, is the time constant of the modulation, as defined in (2.22). The time constant of
the filter is defined by

Ly
=—. 2.56
Tt Ry ( )
The PI current controller is defined by the transfer function
Ug reof () 1+sm, 1
Goi(s) = — 22— =V, L=k, + k- 2.57
r71(8) Z.l,ref(s) - 7;l(s) ' STy P T S ( )

It is tuned according to the symmetrical optimum (SO) to achieve a maximum phase margin
and a good disturbance rejection [84, Sec. 7|, which yields

v
Vo=k, = and 7,= — =47, . 2.58
r 92 Tavg r ki avg ( )
Even without the necessity of good disturbance rejection, tuning the controller according to the
SO results in better performance because 7¢ is much greater than 7,,,. It is recommended to
use the SO if 7y > 47,,,. In this case, the time constant 7¢ of the filter is at least one hundred
times greater than the time constant 7,,, due to the high switching frequency.

To implement the PI controller with anti-windup, the controller must be discretised. The PI
controller is implemented in a parallel structure. There, the proportional gain remains the
same, and only the integral part of the controller needs to be discretised. Here, the integrator
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is implemented by means of the rectangular rule, which yields the discrete PI controller

er[k] = iy yer[K] — 11[K]

(K]
uo,p[k] = kp,d el[k]
. (2.59)
ua,i[k] = ua,i[k - 1] + faw (Ov ua,ref[k - 1} U ) ki,d 61[/{]
ua,ref[k] = ua,p[k] + ua,i[k] + ua,ff[k] s
where z[k] .= x(kT,) denotes the quantities at the discrete instants of time with the sampling

period T and k € N. The feedforward voltage u, g is set to the filtered voltage ug., and added
to the controller output. The anti-windup function is defined by [84, Sec. 10.4.1], [96]

1 Umin < Ugref < Umax
faw(uminv U, umax) = e . et = Tma (260)
0 ,otherwise.
The discrete controller parameter are given by
L
kyg=k, =V, =
p,d p rT 9 Tavg
(2.61)
V L T,
kig=kTi= T, = fzs :
, Tr 8 7—avg

Fig. 2.22 shows the block diagram of the control loop with the discrete PI controller including
anti-windup and voltage feedforward.

Discrete PI-controller with anti-windup

Figure 2.22: Block diagram of the implemented discrete current controller for one phase.

Since the time constant 7, is still uncertain, this value must be determined. For this purpose,
an experiment was carried out in which the output of the DC/DC converter was connected to
another half-bridge. By setting the duty cycle of the other half-bridge with open-loop control,
the voltage uge. at the output of the DC/DC converter can be changed, simulating a disturbance.
In Fig. 2.23, the results of the experiment with 7,,, = %TS and 7,,, = 27T are shown. The top
subplot shows the secondary voltage, and the lower subplot shows the current. First, a voltage
of 400 V was set and a current step response at about 0.5 ms to a final value of —5 A was
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Figure 2.23: Measured result of the step response with 7,,, = 3T, [—] and Tavg = 215 [—].

generated. Since the voltage ug,. is open-loop controlled and not adjusted by a control loop, it
changes strongly with the current. Both configurations show stable behaviour, and the current
reaches the final value. However, the controller with 7,,, = %Ts is showing some oscillations.
At about 3.5 ms, a disturbance was generated by setting the voltage to about 450 V. Here, too,
the oscillations can be seen. With 7,,, = 2T, there are no oscillations, which is why this value
was finally chosen.

In Fig. 2.24, the resulting open-loop frequency response of Fy, ;(s) is shown for stability analysis,
where the same three values for the load resistance R are applied as before. For any value of
R, the system is stable. As in the previous section, the phase lag of digitalisation must be
added to prove stability. The phase lag is added to the phase of the continuous system, which
results in the dashed lines in Fig. 2.24. The current controller remains stable even when the
phase shift is added, which caused the voltage-mode control to become unstable. In all three
cases, the phase crosses the critical value of —180° at about half the switching frequency f..
The magnitude is below —20 dB at this frequency, which is a sufficient gain margin. The phase
margin in the worst case is approximately 62°, which indicates a robust controller design since
the phase lag is already accounted for.

2.3.4 Maximum Power Point Tracking for Photovoltaic Systems

Photovoltaic energy is an essential component of the energy transition (see Fig. 1.4). PV systems
can be integrated into other infrastructures without additional land consumption, e.g. on resi-
dential buildings, in so-called agrivoltaics as a combination with agriculture, floating on lakes, or
in transport infrastructures. The average solar irradiation in Germany is about 1115 kWh/ m?
per year [97]. A well-placed PV system can reach a performance ratio of approximately 80 to
90 %. It is defined by the ratio of generated electric energy to the solar irradiation within one
year [20, 98]. The performance ratio must not be confused with the efficiency of a PV mod-
ule. The efficiency considers the power that the module delivers under standard test conditions
with an irradiation of 1000 W/ m? and a module temperature of 25 °C. Currently, PV modules
achieve an efficiency of about 20 to 25 % [99].

Photovoltaic cells can directly convert sunlight into electricity and are, therefore, unique. Other

49



CHAPTER 2. HIGHLY MODULAR POWER ELECTRONICS SYSTEM

flc I

| R
T T T T 1177 T T

_80 I [ I R

|
T T T T T TTT17 T T T T T 171717 T

Figure 2.24: Frequency responses of the resulting open-loop transfer function £, ;(s), with Ry, =
10 Q [—], Ryee = 50 Q [—] and Ry, — 00 Q [—]. The influence of the delay on the phase
is shown by the dashed line. The discussed frequencies are written on top corresponding to the
dashed lines.

energy sources and conventional power plants, such as coal or nuclear power plants, require
an intermediate mechanical step, whereby heat generated by combustion produces steam that
drives a steam turbine. The turbine is connected to a generator to convert the mechanical power
into electrical power. Wind turbines generate a rotating motion, which also drives a generator.
PV systems have no mechanical moving parts and therefore do not generate noise, which makes
them predestined for residential areas.

A PV cell is basically a silicon diode whose p—n junction is exposed to light [92]. When photons
hit the surface of the PV cell, charge carriers are released from the semiconductor. A metal grid
on top collects the electric charge and provides them to the terminal of the PV cell. The physical
effect behind this was first explained by no other than Albert Einstein in [100], for which he was
receiving the Nobel Prize and not for the theory of relativity, as many think [101].

A PV array can be modelled with a current source, a diode parallel to it and equivalent re-
sistances, as shown in Figure 2.25. The output current iy, of the PV array can be described

/’:ph 4 /[:d

(o]

Figure 2.25: Equivalent circuit of a PV array.
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q (upv + va,s Z.pv) )
Npynakpd | _ ey + Rpvs tpy
R )

pVv,p

iny = dpn — s | € (2.62)

=ig
where i, is the cell’s photocurrent, which is directly proportional to the solar radiation [92].
The current i4 through the diode is described by the Shockley diode equation, where i is the
saturation current, ¢ is the elementary charge, ki, is Boltzmann constant, ¢ is the temperature
in Kelvin, ng4 is the diode ideality factor and Ny, is the number of in series connected PV cells.
The resistances R, s and R, , are the equivalent series and parallel resistances, respectively.
Figure 2.26 shows exemplary current-voltage (I-V) and power-voltage (P-V) characteristics of a
PV array with two different solar radiations. Manufacturers typically specify their PV panels
with the open circuit voltage wuy, o, the short circuit current iy, o, and the maximum power
point (MPP) with wy,,, and i,,,. There are some methods to approximate the parameters from
equation (2.62) with the information from the datasheet [92], [102, Sec. 3.2.2].

~« 10 — iy, (full rad.)
~ — =~ i, (half rad.)
@E‘ gpv

¢ MPP

Ppv | KW

Figure 2.26: Exemplary current-voltage (I-V) in the upper and power-voltage (P-V) character-
istics in the lower subplot of a PV array, each with full [—] and half [---] radiation and the
respective MPPs [#]. The resistive load characteristics of the proposed controller is shown by
the yellow line [—]. The MPP voltage uy,,, and the open circuit voltage u,y, o, are written on
top corresponding to the dashed lines [---].

The PV power
Ppv = Upy Tpy (2.63)

depends on many parameters. The temperature affects mostly the diode current iq and is,
therefore, the major cause that changes the voltage of the PV array. The lower the temperature,
the higher the voltage and, consequently, the higher the power at the same irradiation. Since
the photovoltaic current is proportional to solar radiation, it is very sensitive to changes in
atmospheric conditions, like moving clouds, which can rapidly change the PV power. In contrast
to this, the temperature change is rather slow. Due to the changing atmospheric conditions,
continuous adjustment or tracking is necessary to extract the maximum power available.

o1



CHAPTER 2. HIGHLY MODULAR POWER ELECTRONICS SYSTEM

For this purpose, several different algorithms have been developed. The perturb and ob-
serve (P&O) and incremental conductance (INC) are most widely used [103]. The P&O algo-
rithm perturbs the actual operation point at specified intervals by changing the applied voltage.
If the power increases compared to the previous operation point, the next perturbation goes
in the same direction. Otherwise, the direction changes. The INC algorithm uses the approxi-

mated derivative 3;"" , which corresponds to the conductivity, and changes the reference value

A\

proportionally to it, which leads to a faster convergence [104]. P&O is chosen mainly due to
its ease of implementation. The downside of the algorithm is that the perturbation in every
cycle result in oscillations around the MPP. To reduce this oscillation, the perturbation step can
be decreased if a subsequent change of direction is detected. However, this can slow down the
algorithm, which can lead to power loss [104]. Nevertheless, the P&O is chosen here due to its
simplicity and robustness. It will be shown that the convergence is also very fast, accompanied
by low oscillations, if the algorithm is tuned correctly.

The conditions at its terminals need to be permanently adjusted to extract the maximum power
from the PV array. A DC/DC converter connected to it can control either the current or
the voltage to achieve the MPP. Fig 2.26 shows that the PV current is almost constant at
voltages below the MPP, where a stable operation point can hardly be maintained with a current-
controlled DC/DC converter. The MPP tracker (MPPT) can keep the operation point away
from this flat region, but since solar radiation can change rapidly, this cannot be prevented.
Thus, it is preferable to choose the voltage as the control variable [105].

As shown in Sec. 2.3.2, voltage control does not work for this DC/DC converter. Hence, an-
other solution must be found. Generally, the stability of a DC/DC converter in voltage-mode
in combination with a PV system must be investigated. A small-signal analysis of the PV sys-
tem yields a dynamic and nonlinear source impedance, which eventually affects the stability
of the converter. Therefore, precise tuning of the controller is required, which depends on the
characteristics of the PV array and atmospheric conditions, like shading [106, 107].

A resistive control is introduced to overcome this system-specific tuning. Therefore, the inner
control loop of the DC/DC converter is a current controller, as described in Section 2.3.3,
and the reference current is derived from the output voltage. From the perspective of the PV
module, this means that it is connected to an resistive load. The PV voltage is multiplied by
a proportional gain, which represents a conductivity and defines the slope of the resistive load.
Thus, the intersection with the I-V curve of the PV array is not as acute-angled as with a pure
current controller. The resistive load is shown by the yellow line in Fig 2.26. The resistive
controller yields a stable control system, and there is always just one defined intersection point,
even with rapid changes in solar radiation or partial shading.

The controller and the MPP algorithm were tested with a PV array with twelve modules on
the office roof, shown in Fig. 2.27. The PV string is connected to a phase of the DC/DC
converter. The other two phases of the DC/DC converter are disabled. A bidirectional DC
source is connected to the DC link to keep the DC link voltage u® constant at 800 V. The
electricity generated is thereby fed into the grid.

The control variable of the MPPT is the conductivity g, of the outer voltage controller, meaning
the proportional gain of the resistive control. After the perturbation, the new operation state
needs to settle down before it can be decided if the output power is higher or lower than the
previous one. The computed power needs to be filtered to reduce the influence of measurement
noise. During the tests, it was found that the voltage measurement is very sensitive, and a
50 Hz noise signal, imposed by the grid voltage, with an amplitude of about 2 to 3 V overlays
the PV voltage. Therefore, the cutoff frequency of the filter needs to be less than half of the grid
frequency to remove its influence. This filter setting yields the period of the MPPT algorithm
with 57 (see Appendix A.6).
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Figure 2.27: PV Test array with twelve modules on the roof of the office.

To reduce the oscillations around the MPP, the perturbation step is halved if a subsequent
change of direction is detected. If more steps in the same direction are made, the step size is
doubled to achieve a faster conversion. This compensates for the slowdown of the algorithm
due to the smaller steps at the beginning. Fig. 2.28 shows the transient of the MPPT after
the DC/DC converter is started. The blue lines show the P&O algorithm with constant step
size, whereas the red lines show the result when the step size changes. In the first subplot, the
conductivity g, is shown. Both methods converge at about the same time. In the beginning,
the optimised P&O starts much slower, but due to the exponential growth, it overtakes the
conventional one. In the second subplot, where the PV power p,, is shown, it reveals that
the MPP is even reached a bit faster. The third subplot shows the PV voltage uy, where the
50 Hz noise signal from the grid voltage is evident. This noise would prevent the algorithm from
converging if it is not filtered. Moreover, in the end, where the MPP is reached, the difference
in the oscillations becomes apparent. Because of scaling, they do not show up so clearly in
the power subplot. The voltage of the P&O algorithm with constant step size keeps oscillating
around the MPP, whereas the optimised algorithm shows no more oscillations.

For this experiment, the algorithm starts with a PV current i,, = 0 A to demonstrate their
difference. To speed up the algorithm and, thus, increase its efficiency, the initial point for the
voltage can be set to about 80 % of the open circuit voltage, where the MPP is usually close
by [106]. Therefore, the initial value of the optimised algorithm with variable step size is also
chosen to be small since the MPP is reached quickly after DC/DC converter is started. If the
initial step size were set to its maximum value for this experiment, the optimised algorithm
would be significantly faster in comparison. This makes the advantage of the reduced oscillation
even more valuable.
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Figure 2.28: Transient response of the P&O algorithm with constant [—] and variable [—]

step size after the DC/DC converter is started.

2.4 Generator Unit

The generator unit consists of a motor drive and an electrical machine (E-machine). With this
unit, rotating energy sources can be integrated into the DC grid, enhancing Specification (S5).
Its main applications are the wave energy converter and small wind turbines. Fig. 2.29 shows a
photo of the motor drive and the designed permanent magnet synchronous machine (PMSM),
which is also integrated into the same aluminium extruded profile. The power electronics is
the basic three-phase voltage source inverter (VSI). It can be mechanically connected with the
electrical machine to form the generator unit, as shown on the right side of the photo. It is
also possible to mechanically connect several machines in series to increase the torque and, thus,
the power on the shaft. At the end of the string, as many motor drives as electrical machines
are mounted, each connected to one electrical machine. This offers maximum flexibility and
modularity and thus contributes to fulfilling the Specification (S7).

In Sec. 2.4.1, a generic model of a synchronous machine is presented. Based on this model, a
field-oriented control (FOC) is designed to control the stator currents and, thus, the machine’s
torque. According to Specification (S6), this enables a bidirectional drive system, which is
necessary for optimum control of the WEC employing reactive power control. As stated in
Sec. 1.2.3, a significant improvement can be achieved with every increase in the efficiency of
the generator unit, even in the upper-efficiency range. For this reason, Specification (S8) is
defined. It is achieved with a newly proposed measurement method to experimentally identify
the current vector for an optimal feedforward torque control to maximise the efficiency of the
generator unit. This is presented in the last section.
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Figure 2.29: Photo of the motor drive, the electrical machine, and the generator unit.

2.4.1 Model of the Permanent Magnet Synchronous Machine

Figure 2.30 shows an illustration of the cross-section of a PMSM. For simplicity, the illustrated
machine has only one pole pair and three stator windings a, b and c¢. This assumption does not
restrict the validity of the model. The three stator windings are connected in star and spatially
shifted by 120° to each other. By applying the space vector theory, described in Sec. 2.2.2,
the stator-fixed (a,b,c)-reference frame can be transformed into the stator-fixed and orthogonal
(a,f)-reference frame, whereby the a-axis is aligned with the a-axis.

Windings

Stator

Figure 2.30: Hlustration of the cross-section of a PMSM.

The stator-fixed («,()-reference frame is further transformed into the rotor-fixed (d,q)-reference
frame by using the Park transformation matrices (see also Appendix A.2)

cos(qbp) — sin(gbp) 0 X cos(qbp) sin(¢p) 0
T,(¢,) = |sin(¢,) cos(¢,) 0| and T, (¢,) = |—sin(¢,) cos(¢,) Of . (2.64)
0 0 1 0 0 1
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The d-axis is aligned with the permanent magnet flux linkage ¢1§l§1 = (zLi’;lm,ngm)T with the
angle ¢, between the a-axis and the d-axis.

Since the windings are connected in star, the sum of all currents is zero, meaning
!
il +i€=0A. (2.65)

Hence, no y-current flows into the machine. Therefore, all the y-components can be neglected.

The stator voltages ugq = (ug, ug)T of a PMSM in the synchronously rotating orthogonal (d,q)-

reference frame are given as [80, Sec. 6.9.2], [84, Sec. 14.3.2], [27]

, : d :
ull = Ryal" w, Tl (i) + o o0 (idh) | (2.66)

where Ry is the stator resistance, igq = (ig,74) are the stator currents and d;gq = (wg ,hd )T is

the stator flux linkage. In general, the flux linkage 1% (zg‘fn) depends on the machine temper-

ature ¥, and is a nonlinear function of the magnetisation currents igffn = (iim, igm)T with [80,
Sec. 6.9.2], [108, 109]

.dq o .dq .dq
Tom = b5 — b o s (2.67)
dg . d g AT . . .
where U Fe = (s, e Zs,Fe) are the iron loss currents. To clarify the equations, those arguments

.dq

4. qpda <zs,m, ﬁm)). The (2x2)-matrix J results from the differentiation of the

are omitted (¢ ? == 1y
Park matrix with

. 0 -1 0
ST (6y) =w, o Ty(dy) =w, |1 0 0 Ty(6y), (2.68)
dt 0 0 0

where only the upper left (2x2)-submatrix is used in (2.66). The electrical angular frequency wy,

is the mechanical angular frequency wy, of the rotor multiplied by the pole pairs number n, with

Wy - (2.69)

The resistance R accounts for the copper losses and is assumed to be symmetrical in all three
phases. The iron losses are indirectly included in (2.66) by the reference to the magnetisation
currents z';?f{n. Iron losses are caused by the changing electromagnetic flux in the stator and rotor,
which induces a voltage. As the stator and rotor material is electrically conductive, the voltage
causes a current flow leading to ohmic losses, called eddy current losses in this context. They
are proportional to the square of the electrical angular frequency w;,. To reduce these losses,
the stator and rotor have laminations consisting of many metal sheets that are insulated to each
other to reduce the eddy current. There are also hysteresis losses, but as they have the same
physical origin, they can be included in the eddy current losses [108]. Although the iron losses
are much lower than the copper losses, they need to be considered to find the optimal operation
strategy [110].

Fig. 2.31 shows the electrical equivalent circuit of the PMSM, where the iron losses can be

accounted for by the in parallel connected resistances R‘Siﬁ;e = (R;‘,’,Fe,Rg’Fe)T [80, Sec. 6.9.2],

[108]. From this, the voltages over the iron resistances quFe can be conducted with

d
R ich, = wp 0"+ Sl (2.70)
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Figure 2.31: Electrical equivalent circuit of the PMSM.

. o . .d . . d
The stator currents zgq split into the iron loss currents %; &, through the iron resistances R %,

and the magnetisation currents igﬁn. The current component of the stator currents igq that flows
through the iron resistances R‘Si%e, therefore, does not contribute to the generation of flux and
torque. These currents are only virtual currents for the model and do not physically exist.

With an amplitude-correct Clarke transformation (k = %), the electrical power is given by

3 AT .d
Del :i(usq) ,qu
3 , d T .
:5 Rszgq+wp.]'¢gq+dt¢sdq> (zggn%»’ti({:e)
3 g\ T -d
= iRS (zsq) ,qu
—_—
~Ps,0u . (2.71)
+3(w J¢dq+d¢dq) (RY )*1 (w Tyl & dq)
2\ PT TS T q T s, ke L
=Ps,Fe
3/d a0\ .dg 3 (0 Jupda)T e
+§ a S ls,m + E(p %) Ts,m
::pw =Pm

where pg o, are the copper losses, p, y. are the iron losses, p,, is magnetisation power and py, is
the mechanical power. From the mechanical power p,,, the (averaged) machine torque m,, can
be derived with 5 -

M = 22 = o (i) T (2.72)

Wy, 2

The difference between the machine torque m,, and the load torque m;, scaled with the in-
verse moment of inertia ©,,, gives the rotor acceleration % wpy- The nonlinear dynamics of the
electrical machine can be summarised as

d
& d :u(siq_Rsilsiq_pr'lrbgq
d 1 [3 dg \ T d
w9 =5 3" (zsj{n) J % —my (2.73)
d
aqbp:wp:npwm.
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Figure 2.32: Signal flow diagram of the electrical machine.

The first equation in (2.73) describes the generation of the flux linkage, where the stator volt-
ages ugq are applied externally by the VSI. The flux linkage ¢gq is a nonlinear function of the

magnetisation currents igffn and can be defined as
d .d
= £y (i) - (2.74)

This function is assumed to be a bijective assignment between the currents igﬂn and the flux
linkage wgq, which means that the function f,, can be inverted to obtain the currents with [67]

A (T (2.75)

Fig. 2.32 shows the signal flow diagram of the electrical machine. The function f,, ! describes
the essential characteristics of the electrical machine, like differential inductance, saturation,
cross-coupling, or anisotropy. By adapting this function, the model can be used for different
kinds of synchronous machines, even for reluctance synchronous machines (RSM), which do not
have a permanent magnet.

2.4.2 Current Control

A current controller is required to control the stator currents z'gq through the electrical machine
and thus the torque at its shaft. The phase currents isbc are measured and fed to the controller,
which calculates the required stator voltages usd'ief. This reference voltages are passed on to the
modulation that drives the SiC-MOSFETs, according to the SVM (see Sec. 2.2.2).

The current dynamics must be derived to design a current controller for the electrical machine.
For this purpose, the flux linkage is linearised around the operation point, which yields the

well-known approximation [27, 111]

d
Pl L3400 4 = [LLS LLsgn i + <¢8m> : (2.76)

where Lg ? are the differential stator inductances and nggl is the permanent magnet flux linkage.
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The inductances Lg and LI are the differential inductances along the d- and g-axis, respectively.
The coupling inductance Ly, describes the cross-coupling between the two axes. Since it is
very small compared to the differential inductances Lg and LI, it is neglected for the controller
design. Furthermore, the iron losses are also neglected, and it is assumed that the magnetisation
currents iggn are equal to the stator currents ’igq (igq :igﬁn).

Inserting (2.76) into the first equation of (2.73) yields the current dynamics

d. -1 . .
&zgq = (L&) |l Reid —wo, T (L8760 4 408 ) | - (2.77)
= uquist

The disturbing voltages ug%ist need to be compensated for by feedforward control, for which the
voltages
—wy, L4l
d d P S ”s
us,?:omp = _’u's,?iist = ( d .d > (278)
wp Lg i + wp ¥pm
are added to the controller output voltages. This has the effect that the cross-coupling between

the two currents is removed so that they can be controlled independently. This allows for the
determination of the transfer functions

1
d/q( ) — Ry
GS q(s) - (1 + STg/q) (1 + s Tavg) ’ (279)

where 7,,, is the time constant of the modulation, as defined in (2.22). The time constants TS
and 7 of the stator are defined by

TP S (2.80)

Discrete PI-controller

VSI
s,ref | s,ref dq Ug ref ' +1
SOt S — ) T e ™
3 Q : li, O B X |: D ~\
\
=k

Figure 2.33: Block diagram of the current control loop for the electrical machine.

The control loop is shown in Fig. 2.33. The discrete PI controller with sampling time T, and
anti-windup is implemented as described in Sec. 2.3.3. The anti-windup is not explicitly shown
for the sake of clarity. Like for the current controller of the DC/DC converter, the controller

is tuned according to the symmetrical optimum (SO) because the large time constants Tsd /4 are
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much greater than 7,., (Tsd /1 4 Tyye)- This leads to the control parameters

d rq

)
p,d 9 Tave

(2.81)
d rq
g (L) T

id = TTg

Tavg

For strong nonlinear machines, adapting this controller parameter according to the currents can
lead to more accurate tracking performance [112, 113].

Fig. 2.34 shows three step responses of the current i/, where the controller is designed according
to the magnitude optimum (MO; see [80, Sec. 1.3.1]), the symmetrical optimum (SO) and
for an experimentally tuned controller. The controller designed according to MO does not
reach the reference current as fast as the other controllers. Furthermore, the current shows
more oscillations. The experimentally tuned controller is designed according to the SO, but
the integral gain kf‘é was halved, which reduced the overshoot compared to the SO controller
design. Therefore, these controller settings are chosen. Moreover, a very fast response time, as
demanded in Sec. 1.2.3, can be guaranteed, which leads to a more efficient WEC control.

Sk -
6L
<
~ 4+
2L
0 -
0 10 20 30 40 50 60 70 80
t / ms
Figure 2.34: Step responses of the current controller designed according to MO [—], SO [—]

and where the controller is experimentally tuned [—].

2.4.3 Optimal Feedforward Torque Control

This section is partially based on [1], where parts have already been published. The following
measurements were made with the previous version of the generator unit, which has slightly
different parameters. The main difference is that it contains a gearbox, and the electrical
machine has an increased speed and less torque. Still, the power is about the same so that
approximately the same conditions prevail at the shaft of the new generator unit. Moreover, the
method is generally valid and can be applied to the newer version.

The torque of the electrical machine depends on both stator currents igq. This gets clear by

inserting the linearised flux linkage (2.76) into (2.72) and neglecting the cross-coupling induc-

60



2.4. GENERATOR UNIT

tance Ly, which yields the linearised torque [80, Sec. 6.9.4], [27]

M & =1, (iglf{n)T J (qu i 4 nglg)
(2.82)

. 3 d d .
np Ypm e+ 2" (Ls —Lg) is il .

=My,

The torque can be divided into electromagnetic torque m, and reluctance torque m,.. The
main torque results from the electromagnetic torque m, with the g-component of the current
vector. Since the d-axis of the rotating (d,q)-reference frame is aligned with the flux linkage
of the permanent magnet, the current i is perpendicular to it and causes the Lorentz force.
The reluctance torque only exists in anisotropic machines where the inductances are unequal
(Lg # LI). In general, a set of currents igq can produce the same torque. The reluctance
torque m,, can be incorporated to find an optimal current vector igq for a given reference
torque 1y, o and thus maximise efficiency (Specification (S8)).

Depending on the operating point and limits, there are different optimisation targets. The
strategies maximum-torque-per-current (MTPC) and maximum-torque-per-losses (MTPL) can
be applied for normal operating points where no limits are reached. With MTPC, only the
stator resistances are considered. MTPL is an extension of MTPC in which iron losses are
also considered. The strategies maximum-current (MC), field-weakening (FW) and maximum-
torque-per-voltage (MTPV) are used when reaching the current or voltage limits with [110]

.d A\ g\ _ . d 0\ 2 2
zsq‘: (zs) + (z?) <imax and Husq‘ = (us) + (ug) < Upax - (2.83)
id
UJP’Q p
wpyl/
Figure 2.35: Illustration of the operation areas with the transient line [-----], the current limit
[- - -] and the voltage limit [—] for two different speeds with w1 < wp 9.

Fig. 2.35 illustrates the operation areas with the current and voltage limits for two different
speeds. The voltage ellipse is derived by solving (2.77) for ugq and inserting it into the voltage
limit in (2.83). Note that the maximum voltage u,,,, depends on the modulation technique (see
Sec. 2.2) and should be smaller than the maximum feasible output voltage of the VSI to ensure
dynamic adaptation of the controller.

In Fig. 2.35, the four quadrants with either positive or negative torque are also highlighted.
They are divided by the transient lines

Q/)prn

i=0A and z‘j:—Ld E
s — s

(2.84)
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il ) A
—15
Figure 2.36: Illustration of the MTPC hyperbola [—], torque contour lines [—]| and the current
limit [- - -] with a linearised flux linkage.

which result from solving (2.82) with m,, = 0 Nm. If the difference between the inductances re
and LY is small, this transient line is at a very high current, even beyond the current limit i,,,,.

Since the entire system is designed to generate electricity from renewable energy sources and
is well coordinated, the operating limits are only reached in a few exceptional cases, so the
corresponding optimisations are not considered here. Only the application of MTPC and MTPL
is discussed in the following.

Classical Maximum Torque per Current with Linearised Flux Linkages

The objective of MTPC is to find the current vector with minimum amplitude for a given
reference torque m,, ¢ to minimise the copper losses ps ¢, in the stator windings [111]. Fig. 2.36
illustrates a resulting MTPC hyperbola with linearised flux linkages over the entire operating
region, meaning L‘siq is assumed to be constant. The black lines are the contour lines, where the
torque is constant for each line. They can be calculated with

g _ M ref (285)

S s (Ypm + (28 = L) i)

which is obtained by solving (2.82) for id. The points with the minimum current amplitude of
each contour line result in the MTPC hyperbola.

Maximum Torque per Current with Nonlinear Flux Linkages

To increase the accuracy, the MTPC hyperbola can be obtained by inserting the nonlinear
flux linkages into (2.72) and determining the current vector with minimal amplitude. The flux
linkage can be measured in steady-state conditions. Solving (2.73) for the flux linkages 7,bgq and
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Figure 2.37: Photo of the test bench with the machine under test on the left side and the drive
machine on the right, which consists of two electrical machines, each with a motor drive.

eliminating the time derivative due to the steady-state condition ( %(-) = 0) yields

ud — Ryl
9 — (o, ) (ud — Ry = LT (2.86)

S p ( S S s) wp —ug—Rsig
Note that the voltage in g-direction is used to calculate the flux linkage ngl in d-direction and
vice versa. To obtain the desired maps of the flux linkages, different current vectors igq are

approached in a sensible grid. The electrical machine under test is driven by an external machine
with constant speed. At each point, the currents igq and the voltages ugq are measured. Fig. 2.37

shows a photo of the test bench.

Fig. 2.38 shows the measured flux linkage map. In the upper subplots, the flux linkage 1/15 and
in the lower subplot ¢ is shown. The top view with the contour lines of constant flux for each
flux linkage is shown on the left side. On the right side is the same flux linkage as a 3D plot.
Inserting this nonlinear and measured flux linkage into (2.72) results in a torque map. The
torque contour lines can be calculated, and the current vector with minimal amplitude can be
picked. This leads to a more accurate representation of the produced torque in the machine
and, thus, a better solution for the MTPC hyperbola.

The measurement of the flux linkage is susceptible and needs to be done accurately. The tem-
perature has the most significant influence on the measurement as the stator resistance R, and
the permanent magnet flux linkage ¢,,, are strongly dependent on it [80, Sec. 6.9.3], [114]. The
resistance Ry increases nearly proportional with the temperature, whereas the flux linkage v,
decreases. Therefore, it is essential to make the measurements by almost constant machine
temperature, which can be achieved by adding cooling and heating phases between the mea-
surements. The iron losses also falsify the measurement because they lead to the fact that the
stator current is not completely used for magnetisation, see Fig. 2.31. Since iron losses increase at
high rotor speeds, the measurements should be carried out at lower speeds [115]. Alternatively,

63



CHAPTER 2. HIGHLY MODULAR POWER ELECTRONICS SYSTEM

100

80

/ mVs

60

d
S

40

4/ mVs

—-50

-5 0 5 i /A id ) A
.d s
is / A

Figure 2.38: Measured flux linkage maps of wg‘ in the upper subplots and ¢ in the lower subplots,
where the top view with the black contour lines is shown on the left and the corresponding 3D

plot is shown on the right.
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Figure 2.39: Block diagram of the cascaded torque control loop for the direct measurement of

the current vector with maximum efficiency.

the iron losses can also be taken into account or can be identified by alternating between motor
and generator operation with a corresponding flux linkage [108, 116]. To eliminate unwanted
signals such as noise and spatial or inverter harmonics, averaging the signals is required. It is
possible to obtain the stator voltages ugq from the reference voltages of the controller output.
However, it is then essential to compensate for the dead time of the MOSFET half-bridge and
the on-resistance of the MOSFETS, as described in Sec. 2.1.1. A detailed description of the
measuring procedure can be found in [1, 117].

Direct Measurement of the Current Vector with the Maximum Efficiency

A new measurement method is proposed in [1] that allows for direct determination of the current
vectors with maximum efficiency. The idea is to drive through the contour lines of constant
torque in the (d,q)-plane and observe the DC link power pg4. of the motor drive. By observing
the DC link power, consequently, all losses are considered, including the inverter and iron losses.
The point of maximum output power during generator operation or minimum input power
during motor operation determines the optimal current vector. For this purpose, a cascaded
torque control loop is superimposed on the g-component of the current. The block diagram of
this control system is shown in Fig. 2.39.

These measurements are also done in steady-state with an external machine that drives the
machine under test with constant speed. The control loop maintains the reference torque m,, ycf
at the shaft by adjusting the g-current il. The contour line of constant torque is traversed
within the complete current range by changing the d-current ig stepwise. At each point, the
currents igq and the DC link power py. are recorded and averaged over a certain period. Here,
it is also very important that the machine temperature remains approximately constant, which
can likewise be achieved by adding heating and cooling phases.

To remove torque harmonics, the signals must be averaged over multiple mechanical revolutions.
To prevent the torque controller from compensating for these harmonics and frequently changing
the current i, the feedback torque signal mg from the torque sensor must also be averaged.
This averaging is done with a first-order low-pass filter with the time constant 7 g);. The cutoff
frequency must be very low to achieve a smooth torque signal, resulting in a very high time
constant, which dominates the system dynamics. Therefore, the dynamics of the current control
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loop can be neglected, and an integrating controller with the transfer function

et () _ Fim (2.87)
mm,ref(s) — My gt S

is sufficient to control the torque. Note that the measured torque mg at the shaft, given by
Mg = My, — My, (2.88)

is the machine torque m,, minus the torque m¢, which is caused by friction. However, this does
not influence the measurement results as the friction stays constant since the temperature and
the speed are kept constant as well [84, Sec. 11.1.5]. According to [80, Sec. 1.3.3], the controller
gain is chosen as

1
kim

I 2.89
’ 2 Ts filt Vm ( )

where V, is the ratio of the machine torque and the current i¢. It is derived from (2.82) with
zg =0 A, which yields
My 3

Fig. 2.40(a) shows the results of the three discussed methods. The MTPC hyperbolas with
linearised [—] and nonlinear [—] flux linkage are very similar since the machine under investi-
gation is not very nonlinear. The black lines in the left subplot are the directly measured torque
contour lines for which the proposed measurement routine is used. The yellow, violet, and green
lines represent the trajectories with maximum efficiency for the shaft speeds 100 rpm, 200 rpm
and 300 rpm, respectively. These trajectories deviate strongly from the MTPC trajectories and
show an offset in the d-component of the current.

The dashed black line in Fig. 2.40(b) shows the measured efficiency

D udc idc
= de _ (2.91)
pm wm mS

"lm

over the current ig for a shaft speed of 300 rpm and a torque of —15 Nm. To determine the point
with maximum efficiency, a polynomial of second order is fitted to the measured efficiency, shown
by the green line. The efficiency is expected to be quadratically dependent on the current ig,
as the copper losses are also proportional to the square of the current, see (2.71). The point of
maximum efficiency is marked with the red diamond [4], which is significantly better than the
estimated points of the MTPC methods with linearised [X] and nonlinear [%] flux linkage.
The difference is based on iron losses, which are not considered in the MTPC method. In
steady-state, the iron losses are given by

* —
Ps Fe = q

d
Rs,Fe Rs,Fe

N W

2 a\ 2
w? (szZQ)T (Rj}e)*l (Tplt) = gwﬁ (42) + (44) . (2.92)

Since the angular frequency w,, is constant, the iron losses are only affected by the flux link-
age nglq. A more negative stator current ig reduces the flux linkage wg‘ , which can be seen in
Fig. 2.38. This reduces the iron losses but increases the copper losses due to the greater current
amplitude. However, it is shown here that it is more efficient to allow more copper losses if the
iron losses are reduced. The high increase in efficiency has not been made possible because of
strong nonlinearity, as the PMSM tested does not have any exceptionally nonlinear characteris-
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Figure 2.40: (a) Measured torque contour lines [—] and resulting trajectories for the two MTPC
methods with linearised [—] and nonlinear [—] flux linkages and the measured trajectories with
the maximum efficiency for different shaft speeds of 100 rpm [-—], 200 rpm [—] and 300 rpm
[—] in the (d,q)-plane. (b) Efficiency [—] for a shaft speed of 300 rpm and a constant torque

of —15 Nm and the two points of MTPC for linear approximated [X] and nonlinear [X] flux
linkages and the point of maximum efficiency [4].

tics. The fact that the efficiency was directly optimised and thus all losses were considered makes
the method very generally valid. This method allows the maximum efficiency to be determined
for any machine.

For implementation, the optimal current vectors are stored in a lookup table. The desired torque

and the actual rotor speed can be used to determine the optimal reference current vector ig‘ief. A

straightforward but less accurate implementation is to adjust the reference current iiref propor-
tionally to the speed. In this experiment, the influence of temperature was eliminated by keeping
the machine temperature constant. The experiment must be repeated for different temperatures
to determine the effect of temperature on the optimal current vector.

If all parameters of the electrical machine are known, including the iron resistance quFe, it
is preferable to use an analytical solution and compute the optimal current vector online. If
the machine temperature is measured during regular operation, the parameters of the electrical
machine can be adjusted with it. A fully generic and analytical solution for optimal feedforward
torque control for all strategies, including MTPL, MTPV, FW and MC, is given in [110], [80,
Sec. 6.9]. However, if the optimisation is sufficient for regular operation, where no or hardly
any operating limits are exceeded, the method presented here offers an excellent and easy-to-
implement alternative.

2.5 Grid Inverter

The grid inverter is the link between the proposed highly modular power electronics system
and the public power grid. It allows for a power flow between the DC grid, into which the
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renewable energy sources are fed, and the low voltage AC grid. The number of inverters must
be expandable as required to maintain the power electronics system’s modularity according to
the Specifications (S7) and (S9). This is ensured by the newly introduced topology that makes
it possible to connect multiple grid inverters in full parallel and expand the feed-in power as
desired. They can be simultaneously connected in parallel on both the AC and DC sides.

The novelty of the topology is the connection from the star-point of the filter capacitors to the
midpoint M of the DC link, which enables the full parallel connection of multiple grid inverters,
as will be shown later. This connection is only internal to the device and has no connection
to the grid. In Section 2.5.2, it is shown that for classical topologies, the DC link potential
with respect to ground strongly depends on the switching states of the MOSFETs. To realise
a full parallel connection with these, each grid inverter needs a strong common-mode filter on
the DC side or a 50 Hz transformer on the AC side. Both variants are costly and not energy-
efficient, and the common-mode filter is very complex [118, Sec. 5]. This makes these solutions
impractical. When the literature refers to a parallel connection of grid inverters, it often relates
only to the common connection on the AC side. In this case, each inverter has its DC source,
and the interference between the inverters and their influence on the grid or microgrid are
analysed [119, 120]. In [121, 122], the inverters are fully connected in parallel with common AC
and DC buses, but they only feed a passive load and are not connected to the grid.

A very well-studied and typical topology is the three-level inverter with neutral point clamp-
ing (NPC) [123-126]. This topology belongs to the group of multilevel inverters whose main
propose is to overcome the voltage limitation of semiconductors [123]. It was introduced in
[127] by Nabae, Magi and Takahashi in 1981. Compared to the classic two-level inverters, it
offers improved switching stress due to lower voltage steps, which is advantageous for IGBTs [64,
Sec. 2.3]. With the topology of multilevel inverters, the DC link capacitor is split into two parts
and the midpoint is used as a third output level. Because of this connection, this topology is
similar to the one presented here. The difference is that, in this case, the connection is not
actively used but only serves to stabilise the DC link potential. With the NPC topology, the
midpoint is connected to the grid, its voltage is actively controlled, and power flows over the
connection into the grid. This does not eliminate the dependence of the DC link potential with
respect to ground on the switching states, and a parallel connection is also only possible with
additional measures.

Another notable characteristic of the inverter presented here is that only an LC filter is used
instead of the far more common LCL filter [128]. The saving of the grid-side filter inductance
is possible due to the very high switching frequency of 70 kHz. The rationale for this and the
dimensioning of the filter are explained in Sec. 2.5.1.

Sec. 2.5.3 presents the model of the topology in the state-space representation. For optimum
control performance, as required by Specification (S8), and good damping of the filter resonance,
a PI state feedback controller (PI-SFC) is presented in Sec. 2.5.4. Since all states of the system
are required for the controller, but not all of them can be measured, an observer is necessary,
which is explained in Sec. 2.5.5. The controller must be implemented in the C programming
language on a real-time embedded system. Since this does not allow direct matrix operations,
such as those possible in MATLAB, the controller must be implemented element by element. The
approach for this is shown in Sec. 2.5.6. In the section that follows, the measurement results of
an experiment carried out in the laboratory are presented, which shows the advantages of the
PI state feedback controller compared to a classical PI controller. Finally, the implementation
of the full parallel connection of multiple inverters is discussed in Sec. 2.5.8. This section is
partially based on [2] and [4], where parts have already been published.
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2.5.1 Filter of the Grid Inverter

The DC/DC converter and the grid inverter need an inductance as a filtering element. The
two MOSFETs of a half-bridge connect the corresponding phase either to the potential DC+
or DC—, which are huge voltage steps. To limit these voltage steps at the output and the
resulting current slope, an inductor is connected to each output of the VSI. Due to the stricter
requirements, the inductor is designed for the grid inverter. It can then also be used for the
DC/DC converter, reducing the variety of components.

The filter must be designed to meet the requirements of standards and the specifications of the
grid operator, documented in so-called grid-codes [64, Sec. 7]. In some cases, a simple inductance
can be sufficient. However, a filter of a higher order is usually used. The most commonly used
filter is the LCL filter, which has prevailed for various reasons. One of the main reasons for using
this 3rd-order filter is its attenuation of 60 dB per decade at high frequencies, where the switching
frequency is placed. Thus, better damping of the switching frequency and its harmonics can be
achieved, which allows for a reduction of the size of the costly filter elements [129-133].
Nevertheless, only an LC filter is used in this topology, and the grid-side inductance of the filter
is omitted. This can be justified by the high switching frequency. Advances in semiconductor
technology, such as the here-used SiC-MOSFETs, have enabled higher switching frequencies.
Here, the switching frequency f,, is chosen to be 70 kHz, which is very high compared to other
publications dealing with grid inverters. Typical switching frequencies are placed around 10 to
20 kHz, shown in the overview [128].

DC+ g %5,h
(e, > >
M PCC
g (o3 (e} a a __ u
By i Ry Ly ig i Be Lg _—5°
uie |20 u — - o HE-O—
h |
b .b b u
de / Uy i Ry L ig dg e Ly 5
u ML= e —to -
= T c
\ c C ! 1 Uy
4 S~ i Ry L iy ip3! Ry Ly _5®
P 1
o |==2Cuc [ R —o{ HE-O—1
—a [}
\ :
O <€
DC— ;de

Figure 2.41: The electrical circuit of the grid inverter.

Fig. 2.41 shows the electrical circuit of the grid inverter, where the grid-side inductance L, is
present anyway, but it is not part of the inverter’s installed filter. Instead, it should represent the
grid impedance, indicated by being on the right side of the point of common coupling (PCC),
which represents the connection point to the grid. The grid impedance is not a part of the
inverter by itself. Still, from a control theory perspective, it is also a part of the filter and,
therefore, an important parameter. That is why much research has been done on identifying the
grid impedance [134-140]. In general, the grid has ohmic-inductive characteristics and can be
approximated by its Thevenin equivalent circuit, consisting of an ideal voltage source ugbc in se-
ries with an RL grid impedance [141, 142]. Up to a frequency of about 1 kHz, the grid impedance
is pure ohmic-inductive with nearly constant parameters. These are the most significant char-
acteristics of the power cables and the transformer, which is required for the connection to the
medium voltage distribution grid [134-136, 139, 140, 143]. These transformers add the main
contribution of the grid-side inductance L, [130, 136, 144]. Above approximately 1 kHz, the grid
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Table 2.2: The parameter of the power electronics.

Name Parameter  Value
DC link capacitance Cac 810 pF
Balancing Resistors Ry 495 kQ
Filter resistance Ry 130 m{2
Filter inductance Ly 820 uH
Equivalent series resistance R, 5 mf2
Filter capacitance Ct 9.4 uF
Grid frequency Je 50 Hz
Switching frequency Fow 70 kHz

impedance turns more complex, sometimes nonlinear, and, most importantly, load dependent.
Thus, it changes permanently during the day, as shown in [130, 135, 138, 144]. In most cases,
however, the grid keeps an inductive behaviour over the whole frequency spectrum, which is why
the RL model remains valid. Nevertheless, grid impedances are becoming increasingly complex
due to more decentralised grid feed-in. Therefore, the stability of the combined impedances of
inverter and grid is an important research topic in literature [129, 135-137, 144, 145]. Likewise,
the control algorithm must also be robust against variations in the grid impedance.

When designing a filter for a grid inverter, a major objective is to place the resonance fre-
quency fes of the filter below the switching frequency fg, so that the resonance won’t be
excited by the switching, which would cause oscillations. The resonance frequency should also
be higher than the fundamental frequency f, of the grid so that it does not affect the fundamen-
tal waveform and challenge the control loop [131, 133, 144, 146]. The main steps for designing
an LCL filter according to [129, 131] and [64, Sec. 11.3] are as follows.

e The inductance L; on the inverter side is designed to reduce the current ripple to a desired
value while complying with the standards. A reasonable estimate for the inductor ripple
current is about 20 to 40 % of the nominal output current.

e The size of the capacitor C; should be limited so that the reactive power consumption of
the capacitors does not exceed 5 % of the inverter’s rated power.

o A passive resistor R, in series to the filter capacitor can optionally be introduced to dampen
the resonance of the filter, avoiding oscillations.

e The resonance frequency f,. can be adjusted with the grid-side inductance. The resonance
frequency fes should be at least ten times higher than the grid frequency f, and less than
half of the switching frequency f,-

Following these steps, the range of the converter-side inductance L; and the filter capacitor Cf
can be derived from the given parameters. The parameters of the grid inverter components are
listed in Table 2.2.

In systems with lower switching frequencies, the resonant frequency must be additionally damped
to ensure stability. For this purpose, a resistor can be used in series with the filter capacitor.
However, since this causes losses and does not allow online adaptation, a notch filter is some-
times integrated into the controller for active damping [132, 135, 137, 144, 147]. The resonance
frequency can also be damped with a more sophisticated controller, like a state feedback con-
troller [2, 128], which is also used here and presented in Sec. 2.5.4.
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The parasitic resistances of the filter elements are also considered, which allows for a better
controller design and loss calculation. The resistance Ry is a composition of the equivalent
series resistance of the inductor and the drain-source on resistance Ry o, of the MOSFETSs (see
Sec. 2.1.1). Here, the resistance R, represents the capacitor’s equivalent series resistance and is
not an extra installed damping resistor. The resonance is only be addressed by a proper filter
design and a robust state feedback controller. Nevertheless, R, is considered in the model, but
as the equivalent series resistance of modern film capacitors is very small, it can be set to zero
to account for the worst case.

ug + Unm

Cr
g L $

Figure 2.42: LCL filter of one phase with parasitic resistances.

To determine the range for the resonance frequency, the filter’s transfer function is derived. In
Figure 2.42, the LCL filter for one phase with the parasitic resistances is shown, which is used to
derive the transfer functions. The superscripts of the quantities for the indication of the phase
are omitted since the three phases are identical. Notice that the grid-side voltage is ug + Uy,
and the star-point of the filter capacitors is actually not connected to the grid. This means, e.g.,
that the grid current ig of phase A flows back through the filter components of the other two
phases, B and C, because no y-current can flow into the grid and

b i 20 A (2.93)

holds. This affects the transfer function and should be considered if a more accurate model
is required, which is often ignored in the literature. However, since the grid impedance is not
known and the consideration of the return path has only a minor influence on the resonance, it
is sufficient to consider only one phase for this analysis.

The transfer function from the switched voltage u¢ to the grid-side current i, is given by

ig(S) _ 1+8RCCf (2 94)
ug(s) ag + saq + 2 a2+s3 as
with
ag = Rf + Rg,
a; = Lf + Lg + Cf (RfRC + Rng + RCRg) y
(2.95)

ag = Ct [(Rc + Rg) L¢ + (Rf + Rc) Lg] and

as = Lf Cf Lg .
The transfer function from the inverter-side current 7; to the grid-side current i, is given by

ig(S) 1 +8RC Cf

LA . . (2.96)
i(s)  1+s(R.+Ry) Cr+ s Ly Cy
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Figure 2.43: Frequency responses of the LCL filter with L, = 4 mH [—], L, = 200 uH [—] and
L, = 10 pH [—]. The discussed frequencies are written on top corresponding to the dashed
lines, whereby f,; and f,. are only marked for the blue line. The dashed red lines [---] are

marking the range limits within the resonance frequency f,. should lie.

The resonant frequency results from the transfer function (2.94) by setting the parasitic resis-

tances to zero. It is given by
1 L+ L,
=5\ T AT - 2.97
fres 27 Lf Cf Lg ( )

As the converter-side inductance Ly and the filter capacitor Cy is already determined, the res-
onance frequency f,.s can only be changed with the grid-side inductance L,. The theoretical
lower limit of the resonant frequency fies min results as L, approaches infinity, which yields

1 !
es, Lg—>00 es 27T Lf Cf g
The maximum resonant frequency that can be tolerated is
J,
fres,max = ;W . (299)

Rearranging (2.97) and inserting (2.99) determines the smallest feasible grid inductance Ly iyin
with

L
(7T fsw)2 Lg C’f -1

If the switching frequency fg is very high, L, can become very small, and even so small, that
the smallest possible grid impedance can be enough to guarantee a stable operation. With the
parameters given in Tab. 2.2, the minimum required grid impedance is 2.21 pH. If the switching
frequency is lower, the minimum grid inductance becomes greater, necessitating an extra grid-
side inductor to be added to have a defined and known minimum inductance between the grid
and the inverter.

(2.100)

g,min —
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In Fig. 2.43, the frequency responses of the transfer function (2.94) with three different values
of L, are shown. At the frequency

1 Ri+R,

_1 2.101

is the first pole of the transfer function, which usually is compensated for by a classical PI
controller approach. Notice that this frequency depends on the grid impedance L, as well. To
optimally design the PI controller, the grid impedance must be known.

With the parameters in Tab. 2.2, the recommended limits of the resonance frequency f,.s can
be computed. The dashed red lines mark them. The minimum resonance frequency fiesmin is
greater than ten times the grid frequency f,. The smallest feasible inductance L i, is about
2.2 uH, which is already achieved by only a few metres of cable. As a rule of thumb, a specific
inductance between 0.2 and 1 % can be assumed, depending on the cable parameters [148].
Also, leakage inductances of the necessary EMI filter, e.g., from the common-mode choke, will
contribute to the grid inductance so that this value is exceeded in any case. With the chosen
parameters and due to the high switching frequency, the grid-side filter inductance can be saved
and stable operation with only an LC filter can still be guaranteed.

2.5.2 Connection of the Filter Star-Point

The star-point of the filter capacitors can be connected in different ways. In many publications,
this point is not connected at all and remains floating [129, 136-138]. This has the side effect
that the DC link potential with respect to the protective earth (PE) potential changes with the
switching states. This prevents the full parallel connection of several grid inverters, which will
be shown later. Moreover, this common-mode voltage greatly influences the electromagnetic
compatibility [149]. This is especially a problem in DC grids where the grid extends over
larger distances. As a result, the common-mode voltage generates more interference and can
be radiated over long lines like an antenna. In a so-called three-leg four-wire inverter, the filter
star-point is connected to the neutral N of the grid and to the midpoint M of the DC link,
whereby a fourth half-bridge is sometimes added to keep the DC link voltage balanced if an
unsymmetrical load is to be connected, where load current flows via the neutral [150-155]. This
brings the advantage that the potential of the DC link does not change during switching.

In [150], an inductance in the connection between the star-point and the midpoint is modelled
to consider parasitic effects. It is shown that the common-mode voltage increases with this
inductance, which degrades electromagnetic compatibility. In [151], on the other hand, such an
inductor is introduced on purpose to reduce the overall size of the filter inductors. Therefore, the
advantages and disadvantages of implementing such an inductor should be carefully weighed.
This topology is designed to allow full parallel connection simultaneously on the DC and AC
sides of multiple grid-connected inverters. Therefore, the potential of the DC link with respect
to PE must be independent of the switching states. The connection of the filter star-point to
the midpoint M of the DC link capacitors makes this possible. However, this connection is not
connected to the grid to prevent additional circulating currents. The connection must have the
lowest possible impedance for the DC link potential to remain as constant as possible.
Considering Fig. 2.41, according to Kirchhoff’s voltage law, the voltage equation

b ab d . ab d . b
uf’® = Rpif" + Lfazil “+Ryig + Lgazg “Fug C+ 13Uy, (2.102)
abe . a b e\ T . .abc . .a b o.eNT
can be stated, where us" = (ug,us,us) are the voltages applied by the VSI, 4" := (i', 4, %))
are the currents flowing through the filter inductances Ly, igbc = (ig,ig, ig)—r are the grid-side
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s Ug) g)T are the grid voltages. This equation is generally valid regardless
of the star-point connection, whereby the voltage u,,, is defined as the voltage from the neutral N
to the midpoint M of the DC link. By rearranging (2.102), the voltage u,,, is given by

abc | a b c
currents and ug = (U, Ug, U

1 d d

Unm = 3 1. <u;‘bc — Ry — Lfai?bc — R, i — Lgaz‘gbc - ugbc> : (2.103)

With 5

T abc _ 4 Tpp—1_aBfy _ v
13 xr = 13 TC X = —=X (2104)
V2
and inserting
1

'U,?bc — udC (Uabc _ 2) , (2105)

where it is assumed that the DC link is balanced (uﬁc = ufic), (2.103) can be further simplified
to 1 1 1 d

. dc T _abc Y Y Y

= - 1 ——]-—— (R Ly — . 2.106

Unm 3u (30- 2) \/5( £+ fdtzl—i_ug) ( )

There, the terms which involve the current ig are already cancelled since the star connection of
the grid transformer prohibits a vy-current component and (2.93) still holds.
Now, it should be assumed that the star-point is not connected and remains floating. This
implies that no y-current /' can flow either, which further reduces the previous equation to

U = %udc (13T o — ;) - 12 uy . (2.107)
Here, uyy, ¢ denotes the voltage from the neutral N of the grid to the midpoint M of the DC link
when the star-point of the filter capacitors is floating. It now only depends on the y-component of
the grid voltage, the DC link voltage udc, and the switching states. Under normal, symmetrical
grid conditions, the voltage ug is zero as well. Assuming a slow rate of change for the DC
link voltage u , the voltage wu,n, ¢ and, thus, the DC link potential with respect to N and PE
changes mainly with the switching states. If this voltage differs between grid inverters connected
in parallel, this leads to an unwanted current flow, which is not acceptable from a practical point
of view.
Fig. 2.44 shows the results of a PLECS simulation of this voltage for a single grid inverter with a
floating star-point. The DC link voltage u® is constant and set to 800 V. With every switching

C

event, the voltage u,, ¢ makes a step of “Tdc, which makes a full parallel connection of several
grid inverters impractical. Since the modulation of the VSIs is not synchronised with each other,
the switching events do not happen simultaneously. Also, parameter variations cause different
controller outputs, which causes different duty cycles. This leads to a voltage difference between
the parallel connected grid inverters, which in turn results in a circulating current flow.

Fig. 2.45 shows simulation results of two in parallel connected inverters with floating star-
point. To model the asynchrony of the modulation, the switching frequency of one inverter was
increased by 2 %. The upper subplot shows the currents iﬁlf/g and the lower subplot shows
the corresponding y-components, each for of both grid inverters. Although no ~-current i}
could flow with the single grid inverter, it is possible with the parallel connection. Due to
the different switch positions of the two VSIs, a ~y-current circulates between them, whereby
i/ =—1]5 holds. There is also a beat frequency that arises from the interference of the different
S\;vitchinyg frequencies. These currents cause large losses and already constitute a base load for
the inverters, which limit the usable current. Therefore, a full parallel connection with floating
star-point is not practical without further measure. In [121], a control method is proposed to
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Figure 2.44: Simulation result of the voltage uy,y, s and the correlation with the switching

states o™ for a single grid inverter with floating star-point.

suppress circulating-currents among parallel connected VSI with floating star-point. However,
this does not solve the problem of the jumping DC link potential. Furthermore, the method was
only examined on a passive load, not with a grid connection.

To prevent this dependency of the switching states, a connection between the star-point of the
filter capacitors and the midpoint M of the split DC link capacitors is introduced. It is important
to mention that this midpoint connection is not connected to the neutral N of the grid. This
has the advantage that no ripple current flows over the neutral conductor, and still no y-current
can flow into the grid, which can cause other circulating currents.

This connection (see the current path of i., in Fig. 2.41) introduces the additional voltage

condition
abc

d
ulf + R i = R, 8™ + Lgaigb‘: Ul 4 13y, (2.108)

where w2 = (u%, ul, u$) " denotes the voltages across the filter capacitance C;. Substituting

the currents §2°¢:= (i, 4,i¢) " through the filter capacitance with

igbc _ z-ilbc _ igbc , (2109)
and rearranging leads to
1 T abc .abc .abc d .abc abc
Upm = 513 uef” + Red) " — (Re + Ry) iy~ — Lg&zg —ug | . (2.110)

Applying (2.93) and (2.104) yields the simplified relation

1 .

Uy = 7 (ule + Rei] —ud) , (2.111)

which shows that the voltage wu,,, is no longer dependent on the switching states due to this
connection. To keep the voltage uy,, as close to zero as possible, the current 7] must be controlled
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Figure 2.45: Simulation results of two parallel connected inverters with floating star-point with
the currents i} 26/2 in the first subplot and the circulating y-current in the second subplot.

to zero. By keeping i] zero, and since

d 1.

where ¢! =14 for a single inverter, the voltage u,,, is only dependent on the voltage ug. However,
since this is the same for all inverters connected in parallel, this has no further effect and does
not lead to any undesired current flow.

However, the current can only be controlled within the given bandwidth of the controller. Mean-
ing the resulting current ripple in 117 cannot be controlled. As discussed in Sec. 2.2, each active
voltage vector has a y-component, resulting in a y-current ripple through the filter capacitors.
Fig. 2.46 shows a comparison of the current ripples between a grid inverter with the newly
introduced star-point connection and an inverter with floating star-point, each for a single grid
inverter without a parallel connection. The first three subplots show the switching states Uabc,
which are equal for both scenarios. In the following subplots, the results of the grid inverter
with connected star-point are represented by the blue lines [—] and those of the inverter with
floating star-point by the red lines [—]. The second subplot shows the ripple of the current iy
in phase A. With the extra connection of the star-point, the current ripple is only affected by
its respective switching state. It differs from the case with a floating star-point, where the
current ripple in one phase depends on all three switching states. An advantage of this is that
the amplitude of the current ripple is approximately halved, which also reduces the losses. Or
viewed differently, the inductance L; can be halved while the amplitude of the current ripple
remains the same.

The next subplot shows the currents i after applying the Clarke transformation. Apart from
minor deviations, the currents show the same pattern. The same applies to the current @15 ,
which shows that the two topologies do not differ in the a- and S-components. They only differ
due to the y-current i), which is shown in the last subplot. The current flow is caused by the
proportion of vy-voltage in the active vectors once the star-point is connected.

The current i through the filter capacitors also flows in the star-point connection and, thus,
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Figure 2.46: Comparison of the current ripples between a grid inverter with star-point connec-
tion [—] and with floating star-point [—].

into the DC link capacitance. The current 7., in the connection is given by

3
o = 13 807 = 7 (2.113)

V2 o

This causes a change in the voltage Au®® = uf® — u® of the DC link (see Sec. 2.1.2). Since the
current flows through both the filter capacitance C; and the DC link capacitance Cy.., a relation
between the voltages can be derived. By inserting (2.112) and (2.113) into the dynamics of the
DC link voltage difference Au® from (2.6) yields

d
= Aut =

— _ A dc _
at RoCoo "

3Cy d
—_— —u . 2.114
2\/§ch dt cf ( )
This differential equation can be transformed into the Laplace domain, which leads to the
transfer function

_ S Rb Cdc 3 Cf o
1+ sR,Cq 220y, &

The first term represents a high-pass filter with the time constant 7, = R}, Cy.. Since both the
resistance R}, and the capacitance Cy. are very high, the cutoff frequency

Au(s) =

(s). (2.115)

1
2T 7,

fc,dc =

~ 0.40 mHz (2.116)
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of the filter is very low so that practically every change in u; is also reflected in the voltage Aute.
However, a constant DC-component of the voltage u/; is not transferred to the DC link volt-

age Aude. Moreover, since Cy. > Cf, the voltage change in the DC link can be neglected, and,

. de _ de__ % .
thus, the assumption u, =wu; = %~ still holds.

It is shown that the introduced connection between the star-point of the filter capacitors and the
midpoint of the DC link allows for a full parallel connection simultaneously on the DC and AC
side of multiple grid inverters. The connection ensures that the DC link potential with respect
to PE is no longer dependent on the switching states. This prevents uncontrollable circulating
currents among parallel connected inverters. The main difference of the new topology compared
to a standard grid inverter with a floating star-point is that a y-current can flow, which increases
the amplitude of the current ripple. However, this disadvantage can be compensated for by the
high switching frequency.

In addition to the y-component of the ripple current, a current 7] with lower frequency can
also flow. This current flow must be prevented. Firstly, it can cause an unbalanced DC link
voltage. Secondly, with parallel connected grid inverters, the current would circulate between
them, and, thus, cause losses and already constitute a base load for the inverters. Therefore, it
is mandatory to control the y-current ¢; as well. The modelling and control of the grid inverter
will be discussed in the following sections.

2.5.3 Modelling

The model of the grid inverter with LC filter can be derived from Fig. 2.41. It is connected to
the grid at the point of common coupling (PCC). The grid impedance is approximated by an
RL model, whereby its parameters R, and L, are uncertain. It is assumed that all component
values are identical in each phase. The dynamics in the (a, b, ¢)-reference frame is governed by
the differential equations

d . b 1 b .ab .ab b

qrit = o (" = (Rt Re) 4+ Reig” — i)

d abc __ 1 .abc .abc

T e (i —ig") (2.117)
d -abc 1 abc -abc -abc abc

s T (ucf + R4 " — (Rg+R.) g~ —ug —1; unm) ,

g

where 4% = (if",i?,if) " are the filter currents through the inductances Lg, u’f*

b T

b b 7 = (ugﬁ Uesy Ugf)
denotes the voltages across filter capacitances Cf, and 4, © = (ig, ig4,7,) are the grid-side cur-
rents. The voltage u,,, is defined in (2.111) and is the potential difference between the mid-

point M of the DC link and the neutral N of the grid.

As with the generator unit, the Clarke and Park transformation is used to transform the system
into a rotating reference frame (see Appendix A.1 and A.2). As described in the previous section,
in this case, it is essential to apply the full transformations, including the y-component. The
angle ¢, of the grid voltages ugbc, which is necessary for the Park transformation, is estimated
by means of a phase-locked loop (PLL) [80, Sec. 10.3.4],[156, 157]. Thereby, the d-axis is aligned
with the grid voltage vector. The dynamics in the synchronously rotating (d, ¢,~)-reference
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frame are given by (see Appendix A.3)

d .4 1 d ;4 ;& d
O = (wf (Rt Ro) Ty + wy L Jo) 68 + Rt — uld)

at T I
d dqy 1 -dqry C dgy _ :dqvy
&ucf - Ef (7’1 — Wg fJO U — g )
d .dgq 1 dq .dq I L .dq dq
1le Lg(qu + R 1" — ((RC—I—Rg) 9 + Wy gJ) g — Ug )
ig =0A,

where w, denotes the angular grid frequency, and the coupling matrices are given by

0 -1 0
Jy= |1 0] and J:= [(i _01] .
0 0

(2.118)

(2.119)

Notice that the voltage u,, no longer appears. The voltage only influences the y-component,
but since ig =0 A applies due to the star connection of the transformer, it does not need to be

considered further.

With this, the state-space representation can be derived, which yields

R+ R 1 R
.dqy —¥I3—wg.]0 —7_[3 .dqy iI 7013
i Y o L L Y + Lf 3 udq»y+ L
dt \ gdov | 1 W’ £ 1
cf aIg —wgJO cf 03 —aI:;
=T, _B —_———
=A 8 = E,
g g
.d
i 1000 0 0]/
i l=101000 0"
qy
~ 0 000 01 Ut
Uet
=y, =G

(2.120)

where x, € RS is the state vector, u‘fi‘;w € R? is the input vector and the voltages applied by

the VSI, and ig‘” € R? are the grid currents which is interpreted as a disturbance vector. The

output vector y, € R? is defined by the output matrix C,. Since the currents ifl and if are to be
controlled to set active and reactive power accordingly, these are defined as the outputs of the
state-space model. In the previous section, it was already pointed out that the controller should
prevent a current ;' from flowing. However, it is not sufficient to control the current to zero due
to measurement errors and especially an offset in the measured currents. The controller would
keep the measured value at zero, but a current corresponding to the offset would flow. According
to (2.112), this would cause the capacitor voltage u); to drift away. By controlling this voltage
to zero, the current 7]’ is kept zero and prevented from flowing. Therefore, this voltage is defined

as another output of the model so that a controller can be designed accordingly.
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2.5.4 Proportional-Integral State Feedback Control

The advantage of the state-space representation is mainly based on the controller design. It
allows for a state feedback controller of the generic form [94, Sec. 9.1]

u=—-Kuz, (2.121)

where the states & are used to compute the input u of the system. Inserting this into the generic
state-space representation leads to

—x=(A-BK)z. (2.122)
NS—

This results in a new closed-loop system with system matrix A, whose eigenvalues and, thus,
its dynamics can be determined as desired with the feedback matrix K.

Here, the feedback matrix K is determined based on linear quadratic regulator (LQR) theory
by solving the Riccati equation, which results from minimising the cost function [158, Sec. 10.4]

J= /:cTQ:c + u'Ru dt, (2.123)
0

where @ and R denotes the weighting matrices of the states & and the inputs u, respectively.
dgy

In the case of this grid inverter, the inputs are the three filter voltages u;
Like the feedforward control in Sec. 2.4.2, which eliminates the cross-coupling between the d- and
g-axes, a filter current decoupling controller K is introduced here [159]. In addition, feedforward
control is implemented with the capacitor voltages ugg . From (2.120), the cross-coupling terms
can be identified, which leads to

0 ~wg 0 7= 0 0
Ki=Li lwg 0 0 0 L% 0| . (2.124)
0 0 0 0 0 O

This decoupling matrix K is multiplied with the system states x, and added to the system
input voltages u?(”. This leads to the fact that the system matrix is modified to

A, .= A, + B, K;. (2.125)

For implementation on a real-time system, a discretisation of the controller must be carried out.
The discrete state-space system is given by [78, Sec. 11.1.6]

d -d
xlk+ 1] = Ay qx[k] + By g us "' [k] + By qi,"" [K] } (2.126)

ylk] = Cyazlk],

where x[k| := x(kT,) denotes the quantities at the discrete instants of time, whereby k& € N
and T is the sampling time. The discrete system matrices result from solving the differential
equation of the continuous system by using the zero-order hold (ZOH) approximation of the
system inputs. This approximation is sufficient for this case due to the high sampling rate. The
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discrete system matrices are given by [160, Sec. 4.3.3], [78, Sec. 11.1.6]

Ag,d — eAg,m Ts

B,a= Az (Ayq—Is) B,

& g_’rln (2.127)
Eg,d = Ag,m (Ag,d - IG) Eg
Cg,d — Cg .

In order to make the controller robust against the disturbances igq and parameter uncertainties,
an integral control action must be added. For this purpose, the system is extended by the

integral state zge}Rg with [158, Sec. 8.6]

2glk + 1) = 2, K] + Ty (ygreclk] — wglH])

(2.128)
= 2, (K] + Ty (Ygrerlh] = Cram,[h]) -
Thus, the augmented and decoupled system is given by
.d
(wg[kz + 1]) _ Agq  Ogys (a:g[k]> . B, 4 W E,q Ogys i 1]
zg[k + 1] ~T,C,q Iy | \ZlKl 04 O; Iy | \Ugretlh]
= £g[k+1] = A{,d = B&,d
yg[k] = Cg,d a’g[k] >
(2.129)

where &, € RY is the newly combined state vector.

To achieve a fast and direct response to a change of the reference y, ¢, a proportional gain
matrix K, is added. It can be derived from (2.129) if it is assumed that the disturbance is zero,
and under steady-state conditions with @,[k + 1] = x,[k] and y,[k] = Yy, er[k]. This results in
the state vector

z k] = (Is — Agq) " Byqui"[K]. (2.130)
Inserting this into the output y, yields
d -1 -1
ufq’y[k] = (Cg,d (Iﬁ - Ag,d) Bg,d) yg,ref[k] . (2'131)

= Kp,d
Combining all this yields the PI state feedback controller (PI-SFC)

U?qv[k] =K,q (yg,ref[k] —Cya wg[k]) + K; g zg[k] — (Kyq — K q) x,[k], (2.132)
~— —
=Ky q

where the decoupling matrix K 4 is the discretised matrix of K¢ with
—1
Kf,d = Ag,m (Ag,d - IG) K;. (2133)
Rearranging and using the expanded state vector &, leads to

w{T' (K] = Ky q Yy res K] — K a Elk) + Ke g xglk], (2.134)
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where K¢ 4 is given by
(Kpa Cya + Kia) —Kig

Kea = —
— px,d

(2.135)

Note that the decoupling matrix Kt 4 is not included in K¢ 4 since it is already considered with
the modified system matrix A, ;,,. Therefore, it must not be considered in the controller design
again.
The optimal feedback matrix K¢ 4 can be determined by solving the Riccati equation for discrete
systems, where a discrete form of (2.123) is used. A simple and reasonable choice for the
matrices @ and R results from Bryson’s rule [161, Sec. 5.2], [162, Sec. 21.7]. It recommends
that the weighting matrices should be set as diagonal matrices with the diagonal elements

Gii = % and 1, = %, (2.136)

xi,max uj,max

with i € {1,2,... ,ng}, jed{L,2,..., mg}, the number of states ny, and the number of inputs m,.
Tj max and U; ., are the maximum expected values for the state ¢ and the input j, respectively.
Thus, the terms in the cost function (2.123) are such that the maximum expected value for each
term is 1, making them all equivalent. This leads to a first good result for a controller. However,
this should only be considered as a starting point. Further iterative changes to the weighting
matrices combined with an understanding of the system dynamics will lead to good controller
performance.

Once the feedback matrix K¢ 4 has been determined, it can be split into the individual matrices
K, 4 and K] 4 again. Note that K4 contains the negative integral matrix K;4. The feedback
matrix K¢ 4 used for the implementation can be calculated by

Kig=Kqg—Kig=Kqg— K, 0Cpq— Kiq- (2.137)

To clarify the controller structure, a block diagram of the continuous PI-SFC is shown in
Fig. 2.47. A more detailed block diagram for the discrete system is presented in the follow-
ing section.

-dgy
g
K, ﬂ
Ygref g e +B,u{" + E,ig" Ye
[e— —— K = ——>] ' ® g T g &8
f ! A Yg=Cyy
T
g
Kxf <<

Figure 2.47: Block diagram of the continuous PI state feedback controller (PI-SFC).

2.5.5 Observer Design

dqy

For the PI-SFC, all system states x, are required. This includes all three currents ¢;"’" and

voltages ufﬁ”. The currents are measured directly. The standard VDE-AR-N 4105 for grid
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inverters defines that the voltages uglff: must be measured between the respective terminals of

the phases and the neutral N [163, Sec. 6.5.1]. This is due to safety requirements. They are
given by

. d .
upce = Ryig*+ Ly g + g, (2.138)

or in the (d, q,~)-reference frame by

, , d .
uf,‘éz =R, lgqv +wg Le J quv + L azgw + ugqv : (2.139)

The voltages uiﬁ” are not directly available for the controller, so they must be estimated with

an observer. The proof of controllability and observability has already been published in [2] and
[4].

Since the resistance R, accounts for the equivalent series resistance of the capacitors, it is very
small, and

ul? 0 (2.140)

can be assumed. Furthermore, the line-to-line voltages of the capacitors and at the point of
common coupling (PCC) are the same, which results in the fact that the d- and g-voltages are
equal as well, meaning

ull, = ul, (2.141)

Therefore, only the y-component u); of uiﬁ” needs to be estimated. This is achieved by a
simplified Luenberger observer [78, Sec. 8.2]

A 0 — . 0
d (U Ct Ueg 5 .
i (7)o an| (5) ¢ 2] nmn)
—— L
Y L Le - (2.142)
:ZAO = (e}
9, = [0 1} &y,
——
=C,

where &, € R? are the estimated system states, L € R?? is the observer feedback matrix, and

Y, € R is estimated system output by the observer that will be compared to the measured
system output y,. With the feedback matrix L, the dynamics of the observer can be influenced.
This becomes clear when (2.142) is rearranged to
d . - v
&= (A, — LC,) 2+ B,u{ + Ly, (2.143)
| —
= A

o,cl

The eigenvalues of the closed-loop system and, thus, the dynamics of the observer can be deter-
mined as desired with the feedback matrix L, analogue to the state feedback controller. Note
that the position of the feedback matrix L in the closed-loop system matrix A, is different
from (2.122). To be able to use known synthesis methods like LQR to determine the feedback
matrix L, the transposed form [158, Sec. 8.8.2]

(A,—LC,) =A] —c/L" (2.144)

can be used. Finally, for the implementation of the observer, the system must be discretised by
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means of (2.127), which leads to
@[l{? + 1] = AO,Cl,d i[k] + Bo,d U;y[k] + Ld Ziy[k] . (2145)

The block diagram of the discrete PI-SFC in combination with the discrete observer is shown
in Fig. 2.48.

Discrete PI state feedback controller

)
I
I
I
I
! . .
I Grid inverter hardware
I

7
Iy

I
1, qabc
|:dref

=
(]

abce
pcc

Grid voltage orientation

Figure 2.48: Block diagram of the control loop with PI state feedback controller (PI-SFC) and
observer.

2.5.6 Implementation

The computation of the feedback matrix using the Riccati equation is complex and usually
performed offline. It is also not easy to include the computation in the preprocessor environment
of the integrated development environment (IDE) of the microcontroller. Therefore, MATLAB
is used to compute the elements of the controller matrices K, 4, Kj 4, and Ky 4, as well as the
matrices A, 1 4, Boa, and Lg, which are required for the observer.

First, the previously derived system matrices A 4 and Be 4 and the weighting matrices @ and
R must be defined. With the MATLAB command dlgr, the discrete feedback matrix K¢ 4 can
be designed from the discrete system as follows [164].

Q = diag(q_i,q_i,9_i,9 u,q u,q u,q_int,q_int,q_int);
R = diag(r_u,r_u,ru);

K_xi_d = dlqr(A_xi_d, B_xi_d, Q, R, T_s);

To split the matrix K4, the matrices K, 4 and K;q4 are required. With (2.131), (2.135) and
(2.137), the three required matrices can be computed as follows.

[num_x,num u] = size (B _d);
[num_y,~] = size(C_d);
[~,num _e] = size(E_d);
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Kpd =inv( Cd / (eye(size(A d)) — A d) = B d );
K xfd= K xi d(:,1:num x) — Kpd=x*Cd — K f d;
Kid =-K xi d(:,(num_x+1):end);

To implement the PI-SFC for the embedded system in the C programming language, the matrix
multiplications must be performed element by element. This can be achieved by a cascaded for-
loop. However, not every multiplication is necessary since many elements in the matrices are zero
or very small. By omitting them, a lot of computing time can be spared. For this purpose, an
automated code generation is implemented, where matrix multiplication is performed element-
wise, and coefficients smaller than a certain tolerance (e.g. 10_7) are neglected. This can be
implemented with the function fprintf to write the code to a file, which results in the following
structure.

for row = l:num u
fprintf(’u f dgga ref[%i] = 0.0;\n’, row—1);
for col = l:num_y

if abs(K_p_d(row,col)) > tol
fprintf(’u f dqga ref[%i] += %e * e[%i];\n’ ,...
row—1, K p d(row,col), col—1);
end
end

for col = 1l:num_y
if abs(K_i d(row,col)) > tol
fprintf(’u f dqga ref[%i] += %e * z[%i];\n’ ,...
row—1, K i d(row,col), col—1);

end
end
for col = 1l:num_x
if abs(K_xf d(row,col)) > tol
fprintf(’u f dqga ref[%i] — %e * x[%i];\n’,
row—1, K xf d(row,col), col—1);
end
end
end

The code for the observer can be generated in the same way. The resulting code can be copied
to the correct place. However, it is more practical to include the remaining code of the controller
in the code generation so that a separate C-file can be created. This avoids copying errors when
adapting or tuning the controller.

The integration for the added integral states is implemented by means of the rectangular rule,
which yields

eg,i[k] = yg,ref,i[k] - yg,i[k]
2 ilb] = 2k — 1]+ fun (o,

udc> (2.146)

d
ufg’eyf[k - 1] 2 Ts eg,i[k] :

The anti-windup function is defined by

1 y Umin < Ug ref < Umax

faw(uminv u, umax) = { (2147)

0 ,otherwise.

2.5.7 Experimental Results

In this section, measurement results with the described PI-SFC are presented and compared
to a classical PI controller for various grid conditions. The classical PI controller is similarly
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implemented as the controller for the generator unit introduced in Sec. 2.4.2. Also, a feedforward
control with the capacitor voltages ug‘éz is implemented. The block diagram of the experimental
setup is shown in Fig. 2.49. The DC link of the grid inverter is connected to a bidirectional
DC source that holds the DC link voltage u%® constant at 800 V. A grid simulator with six
additional inductors is used to simulate different grid conditions. The inductors are connected
between the grid simulator and the grid inverter. With the grid simulator, the grid voltages ugbc
can be set as desired. One inductor has an inductance of 1000 H and a resistance of 25 mf).
To vary the impedance, two inductors per phase can be used to simulate a grid inductance of
500 pH or 2000 pH by connecting them in parallel or series, respectively. Additional current
and voltage sensors are installed between the grid impedance and the grid inverter to measure
the currents igq and the voltages uglgg. The analogue sensor signals are converter by a dSPACE
box and sent to a computer, which records the data. The computer is also connected to the
grid inverter from which the reference currents if’?ef can be set, and the resulting inductance

ol

.d
currents 'qu can be recorded as well.

Current and voltage

Auxilary supply Grid simulator
measurement

Grid impedance Grid inverter

DC source

e

DC source

|

g
Lu-“T
s
of
-
=

_______________________

Computer dSPACE

Figure 2.49: Block diagram of the experimental setup.

The parameters of the grid inverter, the elements of the weighting matrices, and the control
parameter for the classical PI controller are shown in Table 2.3. The diagonal elements in the
weighting matrices @ and R are chosen according to Bryson’s rule and subsequently tuned.
Figure 2.50 show the measurement results for the PI [—] and the PI-SFC [—] under normal
grid conditions with a grid inductance of 500 yH and a grid resistance of 12.5 m{). The first
subplot shows the measured grid voltages ugbc provided by the grid simulator. In this case,
normal grid conditions with symmetrical and ideal sinusoidal voltages are provided.

The next three subplots show the currents z'ld‘”. The reference current vector i;igef is chosen
such that each quadrant occurs once and only one reference step occurs at a time. This allows
for analysis of the control performance in steady-state and transient conditions as well as the
cross-coupling behaviour. The current i is shown in the fourth subplot. By controlling the
voltage u] to zero, it is also indirectly controlled to be zero according (2.112). The observed
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Table 2.3: Parameter of the grid inverter, the PI-SFC and the classical PI controller.

Name Parameter Value
DC link voltage ut 800 V
Nominal current i],nom 75 A
Nominal power Pac,nom 5.2 kW
Filter resistance R; 130 m$2
Filter inductance L 820 pH
Equivalent series resistance R, 5 mf)
Filter capacitance Cr 9.4 uF
Grid frequency Je 50 Hz
RMS grid voltage Uy 230 V
Grid resistance R, {12.5 m€, 25 mf2, 50 mQ}
Grid inductance Ly {500 pH, 1000 pH, 2000 pH}
Switching frequency Sow 70 kHz
Sampling frequency fs = % 35 kHz
Current weighting G 0.25/ i?nax
Voltage weighting Gu 0.01/ul s
Integral weighting Gint 10°
Input weighting Ty 10/ ufnax
Maximum current Tmax 12 A
Maximum voltage Unax 350 V
P-gain of the PI controller kz‘g 7.175 %
I-gain of the PI controller kid‘é'y 0.448 X

voltage @; is shown in the fifth subplot. As it has not been implemented for the PI controller,
it is only shown for the PI-SFC [—|.

The PI-SFC shows less overshoot in both the d- and ¢- components of the inductor currents i?q
compared to the PI controller. It also shows improved decoupling capability, visible at 50 ms.
In addition, ringing in i can be damped significantly better with the LQR design. Notice that
the current 7] is not zero stationary, which is based on the offset in the current measurement.
To avoid drifting in the voltage u], the current ¢/ must indeed be zero. This is not possible
by simply controlling the current to zero since there is always a little offset in the current
measurement. This would always cause a small ~-current, leading to a drift in the y-voltage.
Hence, it is essential to control the voltage u. to zero. The voltage can be well controlled to
zero, which can be seen from the observed voltage @), as it only shows minimal fluctuations of
less than 5 V.

The grid currents igq are shown in the lower two subplots. The classical PI controller also shows
a larger overshoot here than the LQR, which is even larger than for the inductance currents i;iq.
As the inductance currents ifq are controlled, the grid currents igq results from the inductance
currents ildq minus the capacitor currents igq. In the controller design, the grid currents are
interpreted as a disturbance. Hence, a static deviation between the inductance currents ildq and

the grid currents igq are caused by the capacitor currents igq. This becomes clear by considering
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Figure 2.50: Measurement results of the PI controller [—] and the PI-SFC [—] under normal

grid conditions with a grid inductance of 500 pH.

the steady-state in (2.118) with ildq =0 A and R, = 0 m, which leads to
il = —ig? = w, Cr I (wg? + Ryig! +w, Ly Jig7) . (2.148)
Inserting the steady-state condition of the voltages ugzz from (2.139) leads to

i09 = w, Cr Juld.. (2.149)
The steady-state capacitor currents ifq are therefore mainly dependent on the voltages ug‘éc.
Note that due to the voltage orientation, the g-component of this voltage is zero under normal

conditions, which leads to
il = Wy Cp e - (2.150)

This reactive current will flow constantly. This is also the current that must be compensated
for by adding it to the reference currents if{‘zef for the practical application.

In the next measurements, the grid voltages are no longer ideal and symmetrically. Instead,
harmonic distortion, Fault-ride-through (FRT) condition, and a combination of both are to be
emulated. The harmonic distortion is generated by adding the 5th harmonic with an amplitude
of 5 % of the nominal voltage to the grid voltage. It is intended to imitate a non-perfect
grid. During FRT conditions, a single-phase failure is emulated by setting one of the three grid
voltages ugbc to zero. Such voltage dips can occur in the event of a fault in the grid, for example,
due to short circuits in the transformer station or lightning strikes. In such a case, decentralised
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generation units must support the grid by continuing to supply electricity and not disconnect
from the grid.
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Figure 2.51: Ilustration of the emulated scenarios of the grid voltages u “ in the first subplot,

dqy

ug ' in the second subplot.

and the corresponding grid voltages u
For the controller, these are additional disturbances against which it must be robust. Fig. 2.51
shows the four different scenarios, with the first subplot representing the voltages ugbc in
the (a,b, c)-reference frame, and the corresponding voltages ug’” in the second subplot in the
(d, q,~)-reference frame. In the first period, the grid voltages are ideally sinusoidal. The (d, ¢, )-
reference frame is voltage orientated, meaning that the d-axis is aligned with the grid voltage

vector. Therefore, only the d-component of the voltages ung is different from zero. During the

subsequent period, harmonic distortion is enabled. This results in the voltages ug’” also being
superimposed with a sine wave. Note that the frequency of the harmonic in the (d, g, v)-reference
frame is reduced by the fundamental and is only 200 Hz due to the rotating reference frame. The
FRT condition occurs in the third period, where the oscillations in the voltages ug‘” become
larger, and it also affects the y-component. The last section shows the combined scenario, which
is the superposition of harmonic distortion and FRT for both reference frames.

Figure 2.52 shows the results of both controllers with the same grid impedance of 500 pH as
the first results but under FRT conditions. Compared to the first measurement, the overshoot
in the inductance currents i?q is even higher for the PI controller under these conditions than
before. In addition, the classical PI controller cannot keep the current i steady. In contrast,

the PI-SFC shows no significant difference from the previous results. The grid currents i?q show

dq
g

the capacitor currents iffq from (2.149), the capacitor currents are oscillating as well. Since the

small oscillations for both cases. According to the relation between the grid voltages u,' and

inductance currents i;iq are controlled and therefore steady, the oscillations have to occur in the
grid currents igq. It would be possible to control the grid currents igq by employing an observer,
but this is not desired here. It is intended to connect multiple grid inverters in parallel, and
it is not possible for all inverters to simultaneously control the grid currents. Therefore, each
inverter must primarily control its inductance currents ildq.

Figure 2.53 shows the results of FRT when the voltage of a phase is set to zero abruptly for
160 ms and then returns. The reference currents are constant with iﬁref = —5A and iﬁref =0A.
The voltage drop does not significantly affect the d- and g-components of the inductance currents
for both controllers. However, they differ drastically in the y-current /. The PI-SFC is able to

89



CHAPTER 2. HIGHLY MODULAR POWER ELECTRONICS SYSTEM

§i~ 2387/ﬁ\ XXX X XXX
a0l / \ \\/{ \\/{ \\/{ \¥4/ \¥4/ \¥4/ .

5k i
S ;
= 5L i

0 20 10 60 80 100 120 140 160

t / ms
Figure 2.52: Measurement results of the PI controller [—] and the PI-SFC [—] under FRT

conditions with a grid inductance of 500 pH.

keep the current stable, whereas the current shows an overshot with the classical PI controller.
Moreover, during the FRT, the current keeps oscillating due to the introduced harmonics by the
phase failure. For the grid currents igq, both controllers show the same behaviour.

For the results in Fig. 2.54, the grid impedance is increased to 2000 pH, and the combined
scenario with harmonic distortion and FRT conditions is applied. The PI-SFC again shows
almost no change in the inductance currents iflqy compared to the previous measurements. This
differs from the classical PI controller, whose overshoot has increased drastically. This can cause
the overcurrent protection to trip, interrupting the grid inverter and causing it to stop operating.
To avoid this, the permissible reference current has to be limited. Moreover, the midpoint
current 4] is affected by the harmonic distortion. This also has a significant effect on the grid
currents. Due to the high grid impedance, the overshoot in the grid currents igq has increased
again compared to the previous measurements. As with the inductance currents, hardly anything
has changed in the case of the PI-SFC with the grid currents igq. This shows the high robustness

against variations of the grid impedance and disturbances on the grid voltages ug‘”.

2.5.8 Full Parallel Connection of Multiple Grid Inverters

The main purpose of the newly proposed grid inverter topology is to allow full parallel connection
of the grid inverters. This means that they can be connected simultaneously on both the AC
and DC sides. This feature is essential to ensure the modularity of the entire system. It is
made possible by the unique connection between the star-point of the filter capacitors and the
midpoint M of the DC link. In Section 2.5.2, it is shown that the dependence of the potential
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Figure 2.53: Measurement results of the PI controller [—] and the PI-SFC [—] with FRT

condition and a grid inductance of 1000 pH.

between DC link and ground on the switching states of the MOSFETs is cancelled. With other
topologies, this potential changes constantly according to the switching states, which makes a full
parallel connection impossible due to an uncontrollable high current flow. A parallel connection
could only be realised with further measures. For example, one transformer for each grid inverter
on the grid side would be necessary to create galvanic isolation and thus compensate for the
potential difference among the inverters. These 50 Hz transformers cost extra, are inefficient,
heavy and take up a lot of installation space [118, Sec. 5], which makes this solution impractical.

Fig. 2.55 shows the topology of multiple in parallel connected grid inverters. Each inverter is
connected to the DC link terminals DC+ and DC—, as well as to the PCC. Since the grid
inverters are directly connected to each other in the aluminium profile or are near to each other,
the impedances of the connections can be neglected.

Due to the star-point connection, the grid inverters can operate independently of each other.
Therefore, the inductance currents i?q can be controlled as with a single grid inverter since no
external components were considered in the controller design. It is only necessary to ensure
that the reference currents ild,gef and, thus, the load are properly distributed. This is done using

the DC link voltage udc, which is discussed in the next chapter. Likewise, the DC link voltage
difference Au?e of the individual grid inverters is only depending on their respective voltage u/; ;
because the star-point connection is only internal to the device and is not connected to other
devices. The transfer function (2.115) gives the relationship of the voltages, which still holds for
the case of multiple parallel-connected grid inverters.

The only difference compared to the single grid inverter is that the voltage u;’f’i can now be
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Figure 2.54: Measurement results of the PI controller [—] and the PI-SFC [—] with harmonic

distortion and FRT condition and a grid inductance of 2000 pH.

influenced by all other grid inverters. Since no ~-current can flow into the grid (ig =0 A), it
can only flow between the grid inverters, which then affects the voltage quz The d- and g¢-

7 can flow into the grid, so controlling those currents

components of the inductance currents iflq
works without any further measures.

To prevent a y-current flow, the capacitor’s y-voltage u); is controlled in the case of a single
inverter as described in Sec. 2.5.3. With current control, the current becomes not precisely
zero due to the measurement error, which leads in a voltage drift. This problem is avoided by
voltage control. However, when connected in parallel, not all inverters can control the voltage as
they interfere, causing an undefined ~y-current flow between them. The resulting current flows
in a circle from one grid inverter to another and back via the DC link, which is why it is also
called circulating current. To avoid this circulating current and its immense losses, only one
grid inverter must take over the voltage control. All others must then control the y-component
of the inductance currents to zero.

In contrast, if they all control the y-current, a residual current flows again due to the current
offset in the measurement, as in the case of the single grid inverter. The only path for the
residual current is through the filter capacitors, which would cause the voltage u); ; to drift.
With this control strategy, the inverter with voltage control must, therefore, compénsate for the
current of all other inverters. Since this current results only from minor offset errors, it can
be ruled out that this inverter will reach its current limit. In addition, the offset error of the
individual inverters is stochastically distributed around zero. This means that the current is
also partially cancelled out between the inverters.

The correct control strategies can be selected automatically when the system is started. When
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the system is initialised, the communication system identifies the first grid inverter. This one
can switch to voltage control during the initialisation process. The others then control the -
current ¢ instead of the y-voltage u);. The design of the controller is the same as described in
the previous section, except that the system output matrix C' must be adjusted accordingly.

This control keeps all y-voltages qu,i of the filter capacitors C} zero and prevents a circulation

current. Thus, the assumption
tem; =0 A (2.151)

holds, and
dc

ul = uf = “7 (2.152)

is still valid in the case of multiple parallel-connected grid inverters so that the DC link can
be considered symmetrical. This is a relevant assumption for the DC link voltage and droop
control described in the next chapter. A detailed model of the parallel connected grid inverters,
a stability analyses and experimental results can be found in [4].
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Figure 2.55: The electrical circuit of multiple parallel-connected grid inverters.
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Chapter 3

Control of the Modular DC Grid

Most of our devices require direct current (DC), e.g., battery-powered devices such as laptops,
LED lighting, monitors, information technology (IT) infrastructure, electric vehicles, etc. Tra-
ditional electrical grids, such as the synchronous grid in Continental Furope, use alternating
current (AC) and distribute electricity over large areas. DC grids can help improve energy effi-
ciency and reduce CO2 emissions by saving AC/DC conversions while ensuring excellent power
quality [165]. When the term grid is mentioned here, it refers to the traditional distribution AC
grid. DC link and DC grid are used interchangeably.

The interest in DC grids is also growing in the industry. The association ZVEI e.V., representing
the economic, technological and environmental interests of the German electrical and digital
industry, has developed a system concept for industrial DC grids within the projects “DC-
INDUSTRIE” and “DC-INDUSTRIE2” [118].

In production facilities, many drives are required for machine tools, conveyor systems or robots,
which are usually controlled via a frequency converter. These frequency converters, whether
with diode rectifiers or in back-to-back converter configurations, already have an internal DC
link [27]. Combining these individual DC links into a DC grid and incorporating energy storage
systems (ESS), renewable energy sources (RES), and a connection to the AC grid brings many
benefits. Recuperation energy from drives that would otherwise be dissipated in resistors can
be stored or utilised directly by other loads. The energy storage in the DC grid can be used to
bridge grid outages.

These projects aim to drive forward the energy supply of industrial facilities via an intelligent DC
grid. Essential topics such as voltage levels or protection and earthing concepts are described, as
well as the development of standards. The results of the projects are incorporated and further
developed by the ZVEI working party “Open DC Alliance (ODCA)”, founded in November
2022 [166].

These DC grids are used as microgrids. A microgrid or minigrid — there is no clear distinction
between those [167] — is a group of interconnected loads and generating units within clearly
defined electrical boundaries that act as a single controllable unit for the distribution grid [168].
An essential advantage of microgrids is that they can operate grid-connected and in island mode.
In case of a grid outage, the microgrid switches to island mode, disconnects from the grid and
supplies the connected loads from the integrated energy storage units. When the grid is working
again, the inverters synchronise and reconnect [167]. This offers the microgrid operator increased
supply reliability.

Microgrids are seen as crucial elements for integrating renewable and decentralised energy. En-
ergy generation will be increasingly decentralised through photovoltaic (PV) systems and wind
turbines [167, 169]. Thus, power electronics will dominate grid dynamics instead of synchronous
machines. In Sec. 3.1.1, it is discussed that decentralised generation can lead to stability prob-
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lems in the grid, as its control concept is based on the presence of large synchronous machines
that add inertia to the system. Microgrids are becoming increasingly crucial as generation, en-
ergy storage, consumption, control and management can be combined and decentralised while
supporting the grid simultaneously [167, 170]. Microgrids can be realised as AC or DC grid, and
both have pros and cons.

AC grids have prevailed over DC grids for the distribution grids in the past. The main reason for
this was the simple realisation of transformers to generate higher voltages for the transmission of
electrical energy [148]. AC grids are generally characterised by their simple design and operation.
Plugs, sockets, switches and fuses are more straightforward because the direction of current
changes with the grid frequency and, therefore, periodically crosses zero, thus avoiding dangerous
arcing. The safety of users and components is guaranteed by proven protection concepts and
protective devices. In DC grids, the problem is that arcs do not extinguish automatically when
an active load is switched off. Active switching with an additional semiconductor is necessary
for safe switching. Furthermore, protection and earthing concepts still need to be developed,
standardised and extensively tested [118, 165].

For microgrids, however, DC offers significant advantages and gained popularity. The DC nature
of renewable energy sources such as PV, fuel cells, wind turbines (connected via a voltage source
inverter), and storage elements favours a DC microgrid as they can be integrated easily [118,
Sec. 5], [170, 171].

The investment costs for establishing a DC grid can be higher than for an AC grid, as special
equipment such as grid inverters, DC/DC converters and a new infrastructure are required.
While DC is efficient for specific devices, converting DC to other voltages can be difficult and
expensive, especially for transmission systems. For large offshore wind farms, however, there is
a break-even distance at which high-voltage direct current (HVDC) transmission lines become
cheaper. The break-even distance is currently around 50 km, and this technology will become
increasingly lucrative as development continues [172]. A similar development can be expected
for DC microgrids. Although the investment costs are higher, the return on investment is also
achieved more quickly due to the higher system efficiency [118].

A DC grid has the advantage that renewable energies can be easily integrated, and the power
supply to devices can be improved. The internal supplies of the individual functional components
are already provided with DC, so a DC grid makes countless conversions obsolete and leads to
lower material consumption and losses. In contrast to AC grids, no synchronisation is required,
there is no reactive power flow, and the grid quality is better due to the possibility of continuous
power flow [165, 169, 171]. The absence of reactive power flow also results in more efficient
energy transmission. Moreover, the existing wire cross-sections can be utilised more efficiently
as the skin effect is less pronounced [173, 174]. The skin effect describes the phenomenon of
the magnetic field in the conductor forcing the charge carriers to the conductor’s surface. This
reduces the effective cross-section of the conductor, which is why the effective resistance increases
approximately with the square root of the frequency [63, Sec. 10.4.1].

The DC grid developed here for integrating renewable energy sources (RES), particularly wave
energy, is shown in Fig. 3.1. It consists of the highly modular power electronics system presented
in the previous chapter. In Sec. 3.1, the droop control strategies to control AC and DC micro-
grids are presented. In Sec. 3.2, a detailed nonlinear model of the DC grid in the state-space
representation is derived. Finally, a comprehensive stability and sensitivity analysis is carried
out using the root locus method. The last Sec. 3.3 introduces power smoothing, which is crucial
for sensible wave energy utilisation. According to Specification (S11), the DC grid should be
able to smooth the fluctuating power of the WEC so that the power fed into the AC grid is as
constant as possible.
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Figure 3.1: Electrical circuit of the developed DC grid for the integration of renewable energy
sources, particularly wave energy.

3.1 Droop Control

Droop control, a control method for power sharing between generating units in grids, is pivotal
in maintaining grid stability. The power is distributed among the units to ensure equal loading.
This control method is derived from the inherent behaviour of traditional electrical grids, where
a power imbalance can disrupt the grid frequency [169, 175]. For instance, if the power demand
exceeds the generation capacity, the grid frequency decreases, and vice versa.

Droop control is a well-known control strategy for both AC and DC microgrids [167, 176]. It is
used, for example, for uninterruptible power supplies (UPS) in DC grids for data centres where
high reliability and power quality are required [170, 177-179]. UPS are used for IT systems to
overcome a grid outage or to guarantee a reasonable time for a controlled shutdown.

In PV systems, the inverters must also adjust the power depending on the grid frequency. In
the past, PV systems had to stop feeding into the grid abruptly at a frequency above 50.2 Hz
and under 49.5 Hz. The massive installation of photovoltaic systems could have led to severe
stability problems if all PV systems were to disconnect simultaneously. The term “50.2 Hz
problem” was commonly used, as a disconnection is more likely due to overfrequency, as there is
an excess of electrical energy on very sunny days [180]. Since 2011, the connection guidelines have
stipulated that decentralised generating units, in general, must be able to reduce their power
proportionally to the grid frequency above a frequency of 50.2 Hz, imitating the droop behaviour
of the synchronous machines [181]. In addition, a law on retrofitting existing systems was passed
in 2012 [182]. Fig. 3.2 shows a characteristic curve according to the current standard VDE-AR-
N 4105 [163, Sec. 5.7.4.3].
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Figure 3.2: An exemplary characteristic droop curve for adjusting the active power in the event
of over- or underfrequency according to the current standard VDE-AR-N 4105 [163, Sec. 5.7.4.3].

In the case of an overfrequency, there is an excess of generation power. Therefore, all generating
units must reduce the active power to a maximum of 51.5 Hz. At grid frequencies f, > 51.5 Hz,
the generating units must disconnect from the grid when they still deliver energy. The grid
operator can specify the gradient of the curve so that, for example, a reduction of 100 % at
51.5 Hz can also be possible.

In the case of underfrequency, there is a deficit of generation power. All generating units must
increase the currently generated active power at frequencies below 49.8 Hz with a gradient
of 0.4p,om / Hz up to their technically possible maximum value. This is only possible with
decentralised renewable energy sources if an energy storage systems (ESS) is integrated. At grid
frequencies f, < 47.5 Hz, the generating and storage units must disconnect from the grid.

For distributed grids, a decentralised control strategy is essential. If the devices only use local
measurements, it increases modularity, reliability and flexibility. It is desired that no commu-
nication system is required for grid control. Communication with the devices must generally
be available for data analysis or software updates, but it should not be necessary for control.
The failure of a necessary communication connection can lead to the failure of the corresponding
unit, overloading other units, which can lead to the instability of the entire grid [167, 171]. In the
literature, attempts are generally made to avoid the need for communication [169, 175, 179, 183~
185].

With droop control, the frequency or voltage serves as the communication medium between the
generating units and carries the information about the power flow [175, 179]. An additional,
non-critical communication system can be integrated to improve system performance. As with
distribution grids, a hierarchical control structure is generally adopted to operate microgrids,
where several cascaded controllers are used [167, 171, 176, 186]. The controller on the first level,
the primary controller, performs the most essential and time-critical control task. The higher
the controller level, the slower the speed of the controller and the less critical its failure.

The primary controller is implemented locally and takes over voltage or current control and
load sharing. The secondary control adjusts the voltage or frequency deviation by changing the
reference values of the primary controller. The tertiary control system manages the power flow
between the grid, the ESS and the microgrid. It is responsible for economic decisions and power
scheduling. In [118, Sec. 9], four levels of droop control for DC grids with increasing system
complexity are proposed.

(i) The basic compound is a complete decentralised system without grid control and com-
munication. The generating units provide a DC voltage, and all other devices follow their
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control strategy according to their intended purpose. An example of this compound would
be one or more parallel-connected uncontrolled diode rectifiers to supply several motor
drives. The power flow cannot be controlled, and power sharing can only be permanently
set passively for the rectifiers.

(i) With the decentralised droop control, the devices react according to their locally
measured DC voltage. The reference current of the unit is specified or limited using a
predefined characteristic droop curve, and passive devices are considered a disturbance.
The operation can take place without additional communication. Only the DC link voltage
serves as the information carrier.

(iii) The extended droop control is like the decentralised droop control with an additional
communication system between the devices. Usually, there is also a superordinate control
unit that monitors the status of the grid and the devices. This control unit allows for
adjustment of the droop control parameters during operation to optimise the power flow.

(iv) Centralised control is when a central unit controls the system via communication. It
transmits all reference values for current, DC link voltage or power to the devices. This
requires a real-time communication system. Due to its bandwidth, the number of devices is
also limited. This design makes the system very flexible and allows any adjustments during
operation. The disadvantage is that the entire system fails in the event of a communication
failure.

The control strategy implemented here can be categorised as an extended droop control. The
devices operate autonomously, and power flows can be adjusted via communication. As the
primary controller, i.e. the current controller and the droop controller, is implemented locally
on each device, the control tasks necessary for grid stability can also be accomplished without
communication.

The following section presents the origin of droop control in AC grids. Given Specification (S10),
the need for droop control for decentralised generation units is emphasised to enable off-grid
applications and ensure the stability of the future structure of the distribution grid. Afterwards,
droop control in DC grids is discussed, followed by the control strategy implemented here.

3.1.1 Droop Control in AC Grids and the Low-Inertia Problem

In traditional electrical grids, synchronous machines constitute the generating units, including
the typically used steam turbines. As all generators are synchronised, the grid frequency can
be considered the same throughout the grid. The frequency is controlled by the grid operators
and is kept almost constant during regular operation. Depending on the region, the nominal
grid frequency f, is either 50 or 60 Hz. A change in the grid frequency reflects a discrepancy
between generated and consumed power.

Since it can be assumed that the frequency is the same at every point in the grid, all power plants
can be combined into a single unit. Neglecting the grid topology and its impedance, the dynamics
of the power system can be represented in a very simplified way with [187, Sec. 16.2],[188]

d
O, e = Mm ~ Ml (3.1)

where O, is the combined system inertia, w, =27 f, is the angular frequency of the grid, my,
the mechanical torque supplied by the turbines and mg the electrical torque induced by the
connected load. In power systems, expressing this swing equation in terms of power rather than
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torque is more common, which can be achieved by multiplying (3.1) with w, [189], resulting in

d
9m Wg &wg = Pm — Pel - (32)

In addition, a per-unit representation is often chosen to better compare quantities and param-
eters of generating units of different sizes. A per-unit representation is derived by dividing
the quantities by their nominal value. Therefore, (3.2) is divided by the nominal apparent
power Spom, which leads to [189]

2 Hm awg,pu = Pm,pu — Pel,pu > (33)
where w, o, & 1 is used. The inertia constant H,, is defined as
1 2
0, w
H, = % : (3.4)
nom

It is the combined moment of inertia from the generators and turbines, whereby the turbine
usually gives the main part of the inertia.

Equation (3.3) describes how a power imbalance affects the grid frequency. If the electrical
load p) ., increases, the frequency drops at the first moment. If the load decreases, the frequency
rises. Thereby, the rate of change is given by the inertia constant H,,. The droop control methods
described below are developed based on this phenomenon.

In traditional grids, the kinetic rotational energy of the generators and turbines is used to
compensate for imbalances in generation and load at the first instant by providing or absorbing
the power difference. This behaviour is essential for stability as it bridges the time until the
primary frequency controller intervenes by adjusting the power of the generators. A hierarchical
control strategy is established to ensure stable operations. The primary controller is activated
after about 5 s. After a few tens of seconds, secondary control takes over, followed by tertiary
control and generator rescheduling, whose time scales are in the range of minutes and hours,
respectively [188, 190].

Due to the climate crisis, there is a massive global effort to replace conventional fossil energy
with sustainable and renewable energy sources. Hence, the share of wind and solar has increased
drastically in the past years (see Fig. 1.4 in Sec. 1.1.3). Since conventional power plants with
their synchronous machines as generators are now replaced by grid inverters, the system’s inertia
will decrease [188-191], leading to a so-called low-inertia system. Since inertia is crucial for grid
stability, other measures must be taken. With PV systems, there is no rotating mass that could
contribute to the system’s stability. In power plants such as wind turbines, whose electrical
machine is connected to the grid via a back-to-back converter, the inertia is decoupled from the
grid [189].

Wind turbines have various drive systems. In onshore wind turbines, double-fed induction
machines are predominantly used in about 60 % of the turbines [192]. There, the stator windings
are directly connected to the grid voltage, and the three-phase rotor windings are connected to
the grid via a back-to-back converter that allows to adjust the rotor voltage. Thus, the wind
turbine can operate at variable speed in a range of 30 % of its synchronous speed [192, 193].
In the other part of onshore wind turbines, the generator is connected to the grid exclusively via
a back-to-back converter, whereby synchronous or squirrel-cage induction machines are used as
generators. In offshore wind turbines, however, almost all generators in new plants are connected
to the grid via a power converter [194]. These systems must require as little maintenance as
possible. Gearboxes and brushless topologies can be dispensed with in this drive train [195].

100



3.1. DROOP CONTROL

In addition, offshore wind farms are increasingly connected to the grid via HVDC transmission
lines [172, 173], decoupling their inertia from the grid.

Alongside their high inertia, directly grid-connected synchronous machines also have a damping
effect to suppress frequency oscillations. An additional damper winding achieves this damping
effect. Hence, they contribute significantly to grid stability and serve as a protective measure
against faults and disturbances. In addition to the reduction in inertia, renewable energy sources
are more volatile, meaning a power imbalance will occur more frequently [188]. Thus, if syn-
chronous machines disappear, grid inverters will inevitably have to contribute to grid stability
in the future [190, 191].

The DC link capacitor is an energy storage device that can be used as a counterpart to inertia for
stabilisation. However, it is often stated that the energy of the DC link is negligible compared
to the actual inertia of the power system [188, 191]. Typically, the inertia constant H,,, as
defined in (3.4), lies between 2 and 9 s [189, 196]. It is the time equivalent during which the
generating unit can provide its rated power only from the stored kinetic energy. Therefore, the
stored kinetic energy ratio to its nominal power is between 2000 and 9000 ﬁ In comparison,
for the power electronic system presented here, the stored energy in the DC link capacitance is

d 2
Edc Cdc (u C) J
= ~Hl.8 —. (3.5)
Prnom 2 Prom kW

However, in both cases, not all stored energy can be used to stabilise the grid, as certain limits
must be respected. The DC link voltage of the grid inverter must remain within its boundaries,
and the speed of the synchronous machines must stay in the specified grid frequency. In Europe,
the permissible frequency deviation Af, within which the primary control of the generating
units is active is 200 mHz around the nominal grid frequency of 50 Hz. Outside this tolerance
band, a critical system state is present, usually caused by a fault in the grid [197, Sec. 10.2],
[198]. The energy difference AE,, between the nominal frequency fg o and the permissible
deviation can be calculated with

2
AE Sanom — A, 49.8 Hz\?
mo_pg 1 (erem e ) g (11— () . .
Snom o ( fg7n0m ) m < 50 HZ (3 6)

This gives an energy-to-power ratio between 16.0 and 71.9 ﬁ, which can be used to balance
load fluctuations until the primary control of the generating units takes effect. For example,
if a deviation from the nominal DC link voltage of £50 V is permitted in the range from
750 V to 850 V, the energy-to-power ratio for this system is 13.0 ﬁ Under this consideration,
the energy difference stored in the synchronous machines and the DC link capacitor tends to
converge. This is because the DC link voltage allows for more variability than the rotational
speed of the synchronous machine, which must always be synchronous with the grid frequency.
Of course, they are not identical, but it is incorrect that the DC link capacitor’s energy can be
neglected to contribute to grid stability. In addition, the DC link voltage can be further increased
with newer generations of semiconductors, increasing the stored energy over-proportionally. The
energy-to-power ratio for a voltage range from 1350 V to 1450 V is 22.7 ﬁ

Stored energy must also be available outside the frequency band to keep the grid stable in the
event of a fault. Another energy storage device must be utilised if the DC link voltage is already
at its limits. The energy in the DC link capacitor can primarily provide a first and foremost fast
response and can be supplemented by secondary energy storage. This is particularly relevant if,
for example, no 100 V reserve is available, as discussed above. However, suppose the inevitable
reduction of inertia in the grid makes every energy storage facility necessary to contribute to
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stability. In that case, this is undoubtedly a good option which meets the dynamic require-
ments. In addition, the increased provision of DC link energy could be given more significant
consideration or even mandated in the design of inverters. This would also have the advantage
of contributing to the stability of the DC grid, which is addressed in Sec. 3.2.5. However, this
contradicts the trend that the DC link capacitor is increasingly being reduced due to cost and
space [128].

In microgrids, the droop control strategy can be used to distribute power between multiple
inverters that supply the microgrid. Power sharing is essential as the load should be distributed
evenly across the grid inverters. This distributes the heat generated by losses in the devices
evenly. Consequently, the thermal load on the electrical components, such as the DC link
capacitors, is reduced, and the lifetime of the devices is extended.

Microgrids differ from transmission grids in many aspects. Differences are, for example, in
the voltage levels, line characteristics, and the grid topology, which require different control
strategies. The coupling between active and reactive power has more impact and must be
compensated for [188, 199, 200]. Considering this in a full-state feedback control design leads
to better controller performance [200]. In [201], the grid impedance is estimated to adjust the
controller to compensate for the strong coupling between active and reactive power flow.
Another challenge in AC microgrids is the supply of nonlinear loads, such as uncontrolled diode
rectifiers. The harmonic currents they require are often not evenly distributed across the invert-
ers, which can lead to an overload of individual inverters [167]. Adding integral and differential
terms to the droop controller can increase its dynamics and improve the harmonic distribu-
tion [175, 183].

In recent years, literature has addressed using droop control to support the distribution grid’s
stability due to low inertia [200, 202]. Distributed inverters do not currently contribute to grid
stability in the nominal frequency range of 50 Hz + 200 mHz, as given by the flat part of the
curve in Fig. 3.2.

Besides droop control, other grid-stabilizing control strategies have been developed, and all of
them rely on some form of energy storage to support grid stability. Energy storage can be
batteries, supercapacitors or flywheels. However, the inertia of a connected wind turbine can
also be used [189, 190, 196, 203].

Most of the strategies require a PLL that also provides the rate of change of frequency (RoCoF),
meaning the time derivative of the frequency %wg. This can be achieved by an additional low-
pass filter (see Appendix A.6), often used to pre-filter the input voltage [204]. The PLL can be
modelled with [190]

-~

&ng =Wy

3.7
d . 1 /. q q (3.7)
awg = —a (JJg + kp,pll upcc + ki,pll / upCC de) .

A favoured approach for grid inverters is to emulate a synchronous machine [205-207]. Syn-
chronous machines have advantageous properties such as self-synchronisation with the grid,
rotational inertia and damping of oscillations. Therefore, a virtual synchronous machine model
is implemented to emulate the beneficial behaviour of the synchronous machine with its iner-
tia. In addition to the grid-stabilising effect, the inverters can switch to island mode without
interrupting the supply during a grid outage. Of course, the resulting microgrid must also have
a corresponding energy storage system. The virtual inertia can only supply a small amount of
energy for a short time. A larger energy storage must be utilised for a long-term supply. Inter-
estingly, the virtual inertia does not have to correspond to the available energy connected to the
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inverter due to decoupling [189]. This results in greater flexibility for the controller parameters.
Another significant advantage is that the requirements in the standards for the dynamic be-
haviour of inverters are based on the behaviour of synchronous machines. This is because
synchronous machines in conventional power plants still dominate the grid. The standard VDE-
AR-N 4110, therefore, require similar behaviour for inverters, e.g., during a low-voltage ride-
through (LVRT) [197, Sec. 10.2]. However, it has been shown that droop control and virtual syn-
chronous machines have strong similarities and are even equal under certain conditions [202, 208].
The matching control strategy takes advantage of the inverter’s and synchronous machine’s
structural similarities and takes the DC link voltage as an additional feedback signal for the
controller [191, 209]. Other strategies are hybrid angle control [210] or power synchronisation
control [211, 212].

3.1.2 Droop Control in DC grids

Just as the frequency changes in AC grids in the event of a power imbalance, the voltage
changes in DC grids. The capacitance of the DC link serves as a counterpart to the inertia of
the synchronous machines in AC grids. It absorbs or releases power when the DC link voltage
changes. All devices must react to this and take appropriate measures to keep the voltage within
the permissible range.

In practice, DC grids are only realised as subsystems to the AC grid in form of microgrids.
Therefore, the literature on droop control for DC grids concentrates exclusively on these [167,
169-171]. Great attention is paid to the self-sufficiency of the system, and efforts are made to
ensure stand-alone operation. Since the natural fluctuation of renewable energy sources needs
to be compensated for in island mode, energy storage systems must be added.

A permanent power imbalance would lead to a rapid change in the DC link voltage and, thus,
to a critical state in the system or even to the damage of the power electronics. Therefore,
maintaining the DC link voltage within the specified voltage range must have the highest priority.
The secondary control objective is power sharing or maximum power point tracking (MPPT) for
grid inverters and DC/DC converters with batteries or generating units, respectively. Suppose
the energy storages are fully charged, and more power is generated than the loads required.
Then, the renewable energy sources must change from the MPPT control strategy to DC link
voltage control [171].

Two methods have been established for droop control in DC grids. Both methods require an
inner current or voltage control loop to which the droop control is cascaded [167, 179]. One
method is based on a characteristic curve, similar to the frequency droop curve for decentralised
generating units, as shown in Fig. 3.2. Depending on the DC link voltage, the reference current
of the respective current-controlled unit is changed. Thus, the units become a voltage-dependent
current source [179]. From a control theory perspective, this is equivalent to a P-controller of
the superimposed voltage control. This method is also used here for the grid inverter and the
generating units and is presented in the next section.

The second and most frequently discussed method in the literature is using a virtual resistor.
The idea originates from the electrical considerations when connecting voltage sources in par-
allel [184]. Theoretically, connecting ideal voltage sources in parallel is impossible because a
minimal voltage difference between the sources would cause an infinitely high current. A par-
allel connection can only be realised with real voltage sources with an internal resistance, i.e.
a resistance in series with the ideal voltage source, as shown in Fig. 3.3. This droop control
method is combined with the first method for power smoothing with the DC/DC converters,
presented in Sec. 3.3.

Droop control with virtual resistance mimics this behaviour by proportionally reducing the
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Figure 3.3: Equivalent circuit of two voltage controlled units using droop control with virtual
resistances Ry and Ry 5.
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Figure 3.4: Block diagram of the droop controller with cascaded current and voltage control
loops.

controlled output voltage to the current. The output current of the unit is fed back via the virtual
droop resistance R4 and subtracted from the reference voltage, as shown in Fig. 3.4. There,
Gs,i(s) and G ,(s) are the transfer functions from i to igg and from igg to ugg, respectively.
Droop control with virtual resistance requires DC link voltage control, either cascaded to an
inner current controller, as shown in Fig. 3.4, or directly, as described in Sec. 2.3.2. However,
to design a proper DC link voltage controller, the dynamics of the DC link must be known.
This is hardly possible for arbitrary microgrids, as it depends heavily on their configuration, the
individual devices and the spatial expansion, i.e. the line impedance. Therefore, the voltage
controller must be conservatively designed to achieve acceptable performance for all possible
microgrid configurations.

The choice of the value of the virtual droop resistance is a trade-off between power sharing
and voltage tracking. In general, a large droop resistance leads to better power sharing, and a
small droop resistance is better for voltage tracking [171]. Power sharing with a constant droop
resistance is susceptible to the impedances of the transmission lines and differences between the
units, which can cause circulating currents [169, 171]. Therefore, the droop resistance should
be varied depending on the system states to adjust the power sharing between the units. This
can be used, for example, to equalise the state of charge (SOC) of several battery storage
units [169]. The overall SOC is usually managed by the tertiary control system, which mainly

104



3.1. DROOP CONTROL

makes economic decisions. The tertiary control transmits the reference values to the secondary
control, which adapts the virtual resistance accordingly. During island mode, where the grid
inverters are on standby, the DC/DC converters of the storage units take over the droop control
of the grid inverter.

In [170] and [184] decentralised fuzzy control is used to adapt the droop resistance to achieve
a good energy balance among several ESS and prevent deep discharge while minimising the
deviation from the reference voltage. Fuzzy control can also be combined with gain scheduling
so that voltage control and balancing of the stored energy also work for an unknown system [170].

3.1.3 Implemented Droop Control with Characteristic Curve

Droop control with virtual resistance is advantageous when the permissible voltage range is small
since adjusting the virtual resistance allows for better voltage tracking [167]. If voltage tracking
is not strictly required and a wider voltage range can be used, droop control with a characteristic
curve is a viable alternative [179]. It is generally more flexible and easier to implement than the
virtual resistance method.

The DC link voltage must also remain within a specific range here. The component with the
smallest rated voltage gives the maximum permissible voltage. These are usually the power
semiconductors or the DC link capacitors. If the maximum voltage is exceeded, they will be
destroyed. A safety distance should also be maintained in case of a voltage overshoot. Moreover,
the lifetime is reduced if they are constantly operated at their voltage limits [69] (see Sec. 2.1.2).
The connected RES and the AC grid voltage determine the minimum DC link voltage. The
RES, i.e. the electrical machines, the PV modules or the storage systems, must generate a lower
voltage than the DC link voltage. For PV systems, the number of PV modules connected in
series must be limited, as the open-circuit voltage must be lower than the minimum DC link
voltage (see Sec. 2.3.1). The maximum speed of electric machines must be limited accordingly,
as their induced voltage is proportional to the rotational speed (see Sec. 2.4.1).

The same applies to the grid. The DC link voltage must be high enough for the grid inverter
to apply a sufficiently large phase voltage to control the desired current. This minimum voltage
also depends on the modulation technique. Classic pulse width modulation (PWM) is used here,

dc
with which an average amplitude of up to “ can be generated (see Sec. 2.2). For the grid of
continental Europe, the absolute minimum DC link voltage for this grid inverter with PWM is

Uy >2vV2U, - 1.1=2v2-230 V- 1.1 =7156 V | (3.8)

where U, = 230 V is the nominal root mean square (RMS) value of the grid voltage. The
amplitude is /2 times the RMS value for sinusoidal signals [63, Sec. 20.2]. Factor 1.1 accounts
for the grid voltage range under normal operating conditions, which must not deviate by more
than +£10 % from the nominal voltage as defined in the standard TEC 60038:2009 for standard
voltages [213]. It is impractical to utilise the absolute voltage limits, as a certain voltage reserve
is also required for current control. Therefore,

Ui = 750 V < u’® < 875V = g, (3.9)

are chosen for this system.

Lower minimum DC link voltages are permissible in industrial environments. Uncontrolled diode
rectifiers (B6 bridges) are also considered there, which work with a much lower DC link voltage
of about 540 V [118, Sec. 6.1]. They work passively and charge the DC grid if its voltage is
lower than the grid voltage. They are, therefore, easy to implement and also very cost-effective.
However, they are a highly nonlinear load to the grid and induce current harmonics [81, Sec. 2.6].
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Moreover, they only work unidirectionally, which does not allow to feed energy into the grid.
This is especially relevant given the low inertia problem discussed in Sec. 3.1.1, where it was
noted that newly installed systems should be able to ensure grid stability. In particular, systems
as large as those required in industry should be able to be used for this purpose.
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Figure 3.5: Implemented droop control curves for the RES in the first subplot and for the grid
inverters in the second subplot.

Fig. 3.5 shows the implemented characteristic curves for droop control. The first subplot shows
the derating curve for the RES or, in general, for all energy conversion (EC) systems that feed
current into the DC link. Limiting the current injected into the DC link in the red range is
required when the voltage becomes too high. The voltage can become too high if the RES
generates more power than can currently be consumed or fed into the grid. Usually, this is
not reached, as the maximum available power should be utilised as much as possible. It can
happen, for example, if a grid inverter fails or a grid outage occurs. Sometimes, dimensioning
the installed RES power larger than the grid inverter power can be economically more beneficial.
The surplus power can no longer be utilised at times of high yield. The resulting financial loss
over the entire lifetime should be less than the investment costs saved on the grid inverters.

The derating curve f,., as shown in the first subplot in Fig. 3.5, is defined as

dc dc
1 yus < ey
de udc udc
pu— - 1
fec(u ) 1— ﬁ 7US7C1 < udc < ui‘é (310)
uc,2 uc,l
d d
0 L utC > uch .
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Generally, the reference current for the RES is provided by a MPPT. The MPPT is specific for
each type of RES, e.g. for PV systems as described in Sec. 2.3.4, for an ideal energy output for
wind turbines as described in [27], or an algorithm for the optimal control of a WEC as introduced
in Sec. 1.2.3. The optimal current 7 ¢ from the MPPT is multiplied by the function f.. which
yields the actual reference current 4, for the current controller, as shown in Fig. 3.6. Thus,
the reference current i ¢ is reduced accordingly if the voltage is too high.

z-l,opt Lref
MPPT . E _| Current

"| controller

ST

Figure 3.6: Block diagram of the droop controller for derating the reference current of renewable
energy sources.

This derating curve reduces the power output of RES. Depending on the type of RES, this can
lead to uncontrolled behaviour and damage. For wind turbines, for example, the rotor speed
would increase rapidly, which means that safe operation cannot be guaranteed. For the WEC,
the point absorber would drive into the mechanical limit without braking and cause drastic
damage. Therefore, appropriate measures must be taken to guarantee safe operation despite
this. For example, the excess power can be dissipated, brakes can be installed, or pitch control
can be implemented in the case of wind turbines.

The second subplot in Fig. 3.5 shows the droop control curve implemented in the grid inverters.
The reference current iffref of the grid inverter is specified according to this curve. As shown in

Sec. 3.2, the d-component of the inductance currents ildq decisively determines the active power
flow from the DC link into the grid. The g-component determines the reactive power flow, which
minimally influences the DC link dynamics.

The voltage from which the reference current is derived is measured by each inverter at its
terminals. This allows for a decentralised control system. As several inverters are connected in
full parallel, meaning they are connected in parallel simultaneously on both the AC as well as
on the DC side, proper power sharing is crucial. As the inverters are positioned near each other,
it can be assumed that the respective terminal voltage is equal. Furthermore, the curves in all
parallel-connected inverters are the same, resulting in the same inductance current. Thus, ideal
power sharing can be guaranteed.

In the green voltage range between u?‘cl and U?"CQ, the RES generate power, which causes the
voltage to rise and the grid inverters to feed power into the grid. The grid inverters have
reached their rated current at voltage uﬁ%, which remains constant also with higher voltages.

The RES reduce its output power once the critical voltage uf}ﬁ is exceeded. The voltage gap
between u?‘i and uSﬁ accounts for the transmission line losses. For example, if the power from
the RES is equal to the rated power of the inverters, the DC link voltage ugc at the inverter

terminals is equal to u?CQ The voltage ujg at the terminals of the RES is higher, corresponding
to the voltage drop along the transmission line impedance. The gap is inserted here so that
the power of the RES is only reduced after the grid inverters have reached their rated power.
Sec. 3.2.3 shows that the voltage drop along the transmission line is limited to 3 % of the
maximum voltage. Accordingly, it is sufficient if the distance between u?ﬁ and ugcl is also 3 %
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Figure 3.7: Block diagram of the droop controller with characteristic droop curve for the grid
inverters.

In the yellow range between ugi and uicg, more power is required in the DC grid than is generated

by the RES. This causes the voltage to fall below qu;, which means that the grid inverters draw
power from the grid to supply the DC grid. A voltage gap is also inserted between the voltage
u(sifé and ugcl As no current flows here, there is also no voltage drop on the transmission line that
needs to be considered. However, this gap is necessary to separate the two sections and prevent
circulating currents. Due to tolerances in the voltage measurement, the locally measured DC
link voltage at the individual devices differs slightly.

Suppose there is no gap, i.e. ufz = u?ﬁ, and the generated power of the RES is zero. In this
case, one grid inverter may measure a voltage less than uSCQ and supply the DC link from the AC

grid. Another inverter measures a voltage greater than u?cl and feeds power into the AC grid.
This results in a circulating current between these two grid inverters. This circulating current
does not contribute to the DC link control and only dissipates power. Therefore, it should be
avoided.

This can be prevented by inserting this voltage gap. It only needs to be greater than twice the
maximum expected measurement error to account for the worst case where one inverter has a
maximum voltage error and another a minimum. Here, the voltage gap is set to 10 V, which
is more than sufficient. Since the slopes and the respective voltage range of the droop control
curve can be adapted, it is essential that the two voltages, uS‘; and u?ﬁ, remain the same for
each unit. Otherwise, circulating current can occur again.

If the voltage drops below the yellow range, more power is required in the DC grid than the grid
inverters can provide. In this case, the loads must be reduced or switched off. If this does not
happen, the voltage drops further until the minimum DC link voltage ufncin is reached, where the
grid inverters cannot control the grid-side inductance currents i?q anymore and must disconnect
from the grid. The RES can still try to supply the required power and are not limited, as
indicated by f.. = 1 in the upper subplot of Fig. 3.5. However, they must disconnect and stop
operation if the DC link voltage drops below their limit. The system will shut down until the
central control unit decides that the power consumption can be satisfied and restarts the system.

The block diagram of the droop control for the grid inverters is shown in Fig. 3.7. A detailed
explanation of the model is given in the next section. The reference current ild’ref in ratio to the
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. .d . .
nominal current 7 0y, is given as

0 ,u(gic < uifin
-1 ,ufncin<u(gic<%1
w udc < udc < udc
ifher(ug®) _ Juds —uly T T (3.11)
ild,nom 0 ,uicg < Ugc < u(ficl
Udc - u(ficl dc dc dc
“do o dc UL <Ug Sugg
Ufo — Ufy
1 Lug’ > uf .

From a control theory perspective, this results in a nonlinear P-controller for the DC link
voltage u(gic at the terminals of the grid inverter. Considering the green or yellow sections with
a gradient, the reference current can be given in the known controller structure

.d d .d d d

Uref = —Ky (ugc) %] nom (urecf - ugc) ) (312)
where ul% = ug“; or uds = u}icl for the yellow and green sections, respectively. The proportional
gain K, is defined by the distance between the respective voltages. Thus, the droop gain is
given as

dc dc
0 aug < Umin
1 dc dc
dc & Ymin < Ug < gy
U572 — U
1 dc dc < dc
dc dc s Us 1 < ug u572
u — U,
d s,2 s,1
Kq (ug) = (3.13)
0 dc dc < dc
yUg o < Ug S Usq
1 dc dc < dc
dc dc s Uf] < 'LLg uf72
Uro — U
-1 dc dc
dc dc ) Ug > U2
us,2 — U

For reasons of symmetry, the distances are generally chosen to be equal. An additional first-order
low-pass filter with the time constant 7, is added to the nonlinear P-controller. This allows the
damping of fluctuations and noise in the DC link voltage. This filter is also essential for power
smoothing, as described in Sec. 3.3.

3.2 Modelling and Stability Analysis of the DC Link Dynamics

To assess system stability and determine the system limits, this section presents a nonlinear
system model in state-space and analyses it for stability. The DC link voltage control through
grid inverters whose grid-side current is controlled results in a strongly nonlinear and non-
minimum-phase system, which can challenge the controller design [214].
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The voltage control in the DC link has been the subject of numerous studies. An adaptive
controller design leads to excellent control performance for a back-to-back inverter, where no line
impedance between the inverters has to be considered. If a PI-controller with constant controller
parameters is used, these must be chosen conservatively, severely limiting the bandwidth [214].

In [179], [148], and [215], the stability assessment of a DC grid is accomplished by experimentally
identifying the output impedance of the power converters and the impedance of the DC grid in
the frequency domain. If the measurement results fulfil the passivity criteria, the DC grid is
stable. This is particularly suitable if the DC grid is very complex and many different kinds of
converters come into use. An analytical assessment is time-consuming for those arbitrary DC
grids and only applies to the particular grid being analysed. However, only linear systems can
be studied in this way.

Here, identical power electronic components are always used, and general assumptions and
simplifications can be made, which allows for a generic analytical analysis of the stability. This
approach offers several advantages, including the ability to make precise statements about system
stability, understand general dynamic behaviour, and assess the effects of component tolerances.

Since the DC link is also used for power transmission, the impedance of the transmission line
needs to be considered for a proper system model. In small DC grid configurations, the line
impedance is assumed to be resistive [167, 170, 175]. More accurate models consider the in-
ductance of the transmission line as well [171, 179, 186]. A complex impedance model of the
transmission line in a w-structure is assumed to achieve an accurate system model here.

The model is derived by considering the RES and multiple parallel-connected grid inverters.
Passive devices and loads are seen as disturbances to the control system and are not explicitly
considered. A small-signal stability analysis is achieved by linearisation of the nonlinear system
around the operation point. The root locus method is used for the stability and sensitivity
analysis. It is particularly suitable for this case [169, 183].

3.2.1 Nonlinear Grid-Side DC Link Dynamics of a Single Grid Inverter

To assess the DC link’s stability, the dynamics of the grid-side DC link voltage ugc must be
determined. The subscript g refers to the grid inverter side. Firstly, the dynamics for a single
grid inverter are determined. In the next section, this is then extended for an arbitrary number
of fully parallel-connected grid inverters.

Considering the single grid inverter in Fig. 3.8, the DC link dynamics are given by the currents

udc
de _ .dc .dc g,h
leh =1g —loh = g and
2
(3.14)
dc
dc _ .dc .dc Ug 1
lel = Zg — 5] — R,
2

through the higher and lower DC link capacitances, respectively. The subscript ¢ refers to the
capacitance, while the subscripts h and I refer to the high and low sides of the voltage source
inverter (VSI), respectively. As defined in 2.2, the current igfh is the sum of the switched phase

B
currents 4{"*° with (aabc) i through the high-side MOSFETs, where o are the switching
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Figure 3.8: Electrical circuit of a single grid inverter with a qualitative power flow diagram on
top.

states (see Sec. 2.1.1). This yields the DC link dynamics

.dc dc
d de _ Zc,h o 1 <-dc .dc ug,h)

—Ugp, = = Ty — Qg —
dt &h QCdC 2Cdc & o:h %

(3.15)
.dc

dc
d udc o Zc,l o 1 idc Z.dc ug,l
T+ sl — - g ~ lol T :
dt 2C4.  2C4. B

The dynamics of the DC link voltage ugc results from the sum of both voltages, which gives

.dc .dc dc
d dc d dc d dc 1 .dc t5,h + 151 Ug
— g = — - - R g T 3.16
arte T qrteh T qtel T o\ 2 Ry, (3.16)
Considering Kirchhoff’s current law at the midpoint M of the DC link results in
’LLdCh udcl
.d , . .d ,
feq + ﬁb + lem = fel + I;i : (3.17)
2 2
Inserting the currents zgi and zSﬁ from (3.14) yields
. 3
i = 8 —id G 2 (3.18)

=1 —1 Tc -
cm o,h o,l f c
' ’ 2

Note that the currents igfh and zg“i that flow into the VSI are stated here, not the capacitor
currents. This relation shows that the difference between the currents igfh and ziﬁ is the cur-
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rent i, through the star-point connection, which flows back into the DC link via the filter
capacitors. For a grid inverter topology without this connection, the currents if,lfh and chl are
equal. Inserting (3.18) into the DC link dynamics (3.16) leads to

arte T ateh T gtel T o

. dc
d dc d dc d dc 1 (-dc _ qde tem o ug ) (3 19)

Since the current igc is given by the energy sources, the grid inverter can only influence the DC
link voltage ugc using the current igf:h. The current z‘th depends on the inductance current iim
which is controlled by the grid inverter (see Sec. 2.5.4). Accordingly, the current references ild’?ef
are the control signals for the DC link voltage controller. The relation between these two currents
can be derived from the power balance

Dy =Pt + Psloss - (320)

As shown by the qualitative power flow diagram in Fig. 3.8, the power p, flows from the DC
link capacitors into the half-bridges of the VSI, the power p; on the AC side that flows into the
filter inductance L¢, and p, 055 are the switching losses. Note that the conduction losses of the
MOSFETs are already considered with the resistance Ry (see Sec. 2.1.1).

Calculating the power p, is not trivial, because it is wrong to simply multiply the voltage ugc
by the current ig?h. It is essential that the current i, flowing back into the DC link via the
star-point connection is also considered. To clarify this, the power p, is to be derived from the
power balance

Po = Pg — Pdc — Db (3.21)
where p, is the input power flowing into the grid inverter, py. is the power flowing into and
out of the DC link capacitors Cy., and p;, is the dissipated power of the balancing resistors.
With (3.14) and ugczugfh +ugﬁ, the power p, can be given as

(udc )2 " (udc)2
_ dc .dc dc .dc g:h g,
Pr = Ug g ghzch+ugllcl - R,
— 2
_p =Pdc
=DPb
(3.14)
g.h +
dc d
dc . .dc dc c .dc 1 (322)
- Uth 6 — ZU,h - N — ug,l TN — 20.71 -
2 2
2 2
c C
Ugh) + g,l)
- Ry
2
dc .dc
= Ughl G+ Ug,llal
With (3.18), the power p, results in
dc .dc dc .
Pr = Ug 6 h — Ugllem > (323)

where the first term describes the main power flow and the second term considers the oscillating
power caused by the current 7., through the midpoint connection.
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The power p; that flows into the filter results from the product of the voltages u‘flbc and the
inductance currents iilbc. Since the controller is designed in the synchronously rotating (d, q,y)-
reference frame, the power shall also be calculated with the associated quantities, which results
in

pp = (u?bc)T i?bc _ % (u?Q’Y)T ’iiqu ) (3.24)

The voltages u?‘” can be derived by applying the amplitude-correct Clarke (k= %) and Park
transformation to (2.102), which yields

ul .d d. d d

D= Ret)" + Ly— gt qv + wg Le Jo 07 7+ uped + T 13 Uy, - (3.25)
Note that the grid-side impedances are included in the voltage sources uggi. This does not
mean that the impedance can be neglected. However, since these are usually unknown and the
power flowing into the grid is measured at the point of common coupling (PCC), it is sufficient

for this povver consideration to use only the voltages uz(éz. This combination implies that the

voltages upCC depend on the gird currents 1, 7 according to (2.139).
Inserting (3.25) into (3.24) yields

3 d T
p=3 (szl‘” + Le i M g L Jy i1 4wl 4 T 13unm) il
3 ay d dfﬂ ! ;dgy gy T cdgy dqy T gy
=3 R, Hzl H + L¢ dt 4+ wg Ly (JO 1 ) b+ (upcc +T,15 unm> 1
—_———
N (3.26)
3.26
Thus, the current igfh can be given by (3.20) and (3.23)
dc Dr + Do loss + ug 1 Zcm
loh = dc
Ug
. (3.27)
(3.26) 3 .d d g\ . dgy\ | .d Poloss + Ug fem
g (ol e (Gr) s () ) o=
ug Ug
Note that also the voltage u,,, disappeared, as it only affects the y-component since
0
T.1;=| 0 | . (3.28)

V2

The dynamics of the current control loops are approximated by the first-order transfer function

d L g d.gg_ 1 (.4 d
llq:1+37_ fger * 0 & lq**(’zgef llq): (3.29)

where 7. is the time constant. This typical assumption holds for high switching and control
frequencies [80, Sec. 10.3], [179, 214]. Inserting this into (3.27) leads to

dc .
d 3 L¢\ .a Ly T .a dg \ T .d Doloss T Ug,l tem
= e (R 20) ] T2 (i) T+ (i) i) 4 P i aao)
ug [¢ Ug
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The nonlinear DC link dynamics are obtained by inserting (3.30) into (3.19), which yields

o = | e (= ) e+ 2 o) () )

dc - . dc (331)
_pa,loss _ ug,l tem em - ug
dc dc 2 R
Ug ’LLg b

3.2.2 Nonlinear Grid-Side DC Link Dynamics with Multiple Grid Inverters

When connecting several grid inverters in parallel, it is assumed that the connection between
them is very short, so the impedance between them can be neglected. Thus, the DC link voltage
at the terminals of each grid inverter ¢ are the same, i.e.

ugh = ugh = ... = ufy, = uy, (3.32)
where N, € N is the number of fully parallel-connected grid inverters. This implies that the

DC link capacitors Cy. of all grid inverters are directly connected in parallel, so they can be
combined to one capacitance

Gy = Ny Cyc - (3.33)
The current igc is the sum of the currents zg ;, lowing into the grid inverters with
d d d d 24
.dc .dc .dc -dc -dcC
'lg = Zg,l + Zg,2 + ...+ Zg,Ng = ZZgﬂ' . (334)
i=1

Analogue to (3.19), the DC link dynamics on the grid side can be given by

d d 1 d Ng d 1 ; Udc'
~ C _ .dc o C‘ cm,? _ ﬁ . 3.35
a's T\ +;< foi T Rb> (3:3)

Inserting the current iichﬂ- from (3.30) leads to

z-gc-gjgc(< ) S

Ng D d i udc

o,l0ss,i g,l,z cm,i cm,i 8,0
) i) 35 (P —2+R)
u b

=1 ug g

d g 1

u — 'qu Tqu
dt g C 1,ref,i 1,7

(3.36)

As stated in (3.32), the DC link voltage ugc is assumed to be the same at each grid inverter.

Thus, the reference currents iff?ef’i are also the same, as they are derived from the DC link
voltage according to (3.11), leading to

-dgq dg __ dg 1 i
Yref,1 = Yref,2 T 0 T Yref, N, T Uref - (3.37)

Moreover, since the reference currents ild?ef ; are the same, the resulting currents ildg can also be
assumed to be the same due to the identical control parameters and hardware. This leads to

the assumptions
! .dq
Y

-dg __ .dq _ _sdg L
by =hy= =Gy =, (3.38)
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and thus further to

’ and Z (1,1 m“) zflg = N, <zfl?ef)—rz;iq. (3.39)

=N |

In Section 2.5, it is shown that the grid inverters hardly interact with fully parallel-connected grid
inverters due to well-tuned PI state feedback control. Therefore, each inverter can be considered
independent when connected in parallel, especially for the dg-components. In comparison to the
previous consideration with only one grid inverter, the y-current ¢/ can flow not only via the
internal star-point connection as current ¢.,,, but also to the grid inverters connected in parallel.
The «-component of the induction currents zd‘” is controlled to zero since there is no practical
purpose, and it would otherwise only cause losses. As a result, the current i, is indirectly
controlled to zero. Only the current ripple of the inductance current flows via the star-point
connection, but it is zero on average, as analysed in Fig. 2.46. Since these components do not
contribute to the power flow or significantly influence the dynamics of the DC link voltage ugc,
they are substituted with the current

d .

. . Psoss,i Ug ] 7'cm i Lemyi 3 -y 2 d oy vy

Yoss,i = dc + dc - 92 + 9 dc Rf (Zl,z‘> + Lf&zl,i zl,i + Upee Zl,z‘ : (340)
Ug ’LLg Ug

Since the current 4, ; is very small and partly undefined,
g
Z Z'loss,z' = Ng Uoss (3'41)

is assumed.
Thus, the nonlinear DC link dynamics for multiple fully parallel-connection grid inverters can

be given by
d g 1 |ac 3Ng Le\ (l.aqll2 | Lt (.aqg \T .dg dg \ T .dq
s = G [Zg - 2 ((Rf_TC) Hzl H T (eref) Yyt (upcc) Y )
o (3.42)
u
Ngiloss_ EL ]
Ry,

3.2.3 DC Link Dynamics on the Side of the Renewable Energy Sources

The introduced highly modular power electronics system allows the integration of any renewable
energy source (RES). To model the RES, the generator units for wave energy converters (WEC),
wind turbines (WT) and photovoltaic (PV) are combined into one current source, as shown in
Fig. 3.9. Since the generated power depends strongly on the natural conditions and fluctuates
accordingly, the sum of the generated currents

: Z ’Lwc 7 + Z Zwt " + Z ,va % (343)

from the energy conversion (EC) systems is interpreted as a disturbance for the system.
As for the grid side in the previous section, the capacitances of the generating units are combined

to one capacitance
C;:c = Nec C’dc . (344)
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.dc .dc

wwc,i Ywe,i Yec
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. de ec g
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DC o
Ty * l;}fm
DC >
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Figure 3.9: Illustration of the combination of the generating units for wave energy convert-
ers (WEC), wind turbines (WT) and photovoltaics (PV) into one current source.

Thus, the RES-side voltage ujjj dynamics is given by

%ugg - C}ec (iec = 5°) (3.45)

where i9° is the current that flows to the grid inverters.

g
The DC link is chosen as the transmission system to overcome the distance between the gen-
erating units and the PCC. Its voltage is higher than the AC grid’s. Hence, the transmission
losses are lower. The transmission losses p;  are given by

po=2R (igc>2 ; (3.46)

where R) is the ohmic resistance of the transmission line of one wire. The resistance R is a
combination of the resistance R, . of the cable and the contact resistance R, with

Ri=R .+ Ry. (3.47)
As there is a forward and return line, the resistance for the losses must be considered two times.
For cables, the resistance can be calculated with

R (3.48)

l,e — P Zla
where [] is the length of the cable in m, and A, is the cross-section in mm?. p is the resistivity

of the material used, usually copper or aluminium. The resistivity for soft-annealed copper and
aluminium is given by [216], [63, Sec. 10.3.2]

mQ mm?> mQ mm?>
poy = 17.3 —— and PAl R 26.5 ——— | (3.49)
m m
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respectively.

The resistance R is the non-vanishing resistance of R for [} = 0 m that accounts for the
contact resistance of the terminals and the fuses installed at the output of the power electronic
devices to protect the transmission line. The resistance of the fuse determines the amount of
energy required to melt the fusing element and, thus, the fuse’s current rating. The fuses used
here have a resistance of approximately 5 m(2 [217]. For long transmission lines, this resistance
is insignificant and can be neglected. However, for short distances below 1 m, this component
is essential to the system’s damping, as shown in Sec. 3.2.5.

For a specific generated power p,., the generated current is

jdo — Pee | (3.50)

ec

i.e. the higher the voltage ugf , the lower the current. Consequently, according to (3.46), the
transmission losses p; o decrease more than proportionally with increasing voltage. Further
advantages of a DC transmission system are the absence of reactive power flow and the fact that
synchronisation of the generating units is not required [173, 174].

A transmission line is characterised by the so-called primary line constants, whereby the DC-
resistance Rj is one of them. The others are the line inductance L;, the insulator capacitance C)
and the insulator conductivity G, [218, Sec. 39]. They depend on the cross-section, construction
and insulation type of the cable. They are usually given per unit length so that they can be
multiplied by the cable length [} to calculate the actual values.

Rjdz Ljdz Ridz Lidz Rjdz Ljdz
! / / /
Cl da: e Gl dLU Cl d.T e Gl dl‘
/ / / / / /
Rydz L)dz Rydz L;dzx Rydz L;dx
Rl Ll
o—r— —l———
G_L G_L
2 T 2 T
o—— 11—
Ry L

Figure 3.10: Model simplification for short transmission lines.

To achieve an accurate representation of the transmission line, the impedances must be dis-
tributed continuously along the line with infinitesimally small sections dx [218, Sec. 39], as
shown at the top in Fig. 3.10. The apostrophe on the line constants indicates that they repre-
sent the specific values per unit length. However, lumped elements can be assumed if the sections
are short enough. The impedances are arranged in a w-structure, whereby the capacitance is
evenly distributed at both ends [148], as shown at the bottom in Fig. 3.10.

For AC transmission lines with a grid frequency of 50 Hz, a single m-section of up to 250 km
can be assumed [187, Sec. 6.4]. The sections must be shorter if higher frequencies are present
to obtain a more accurate model. In [219], a long transmission cable is modelled to analyse the
stability of power converters in DC distribution systems. It is shown that more 7-sections in
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Figure 3.11: Electrical circuit with the simplified transmission line model.

series increase the accuracy of the transmission line model. A section length of 20 km provides
a good balance between accuracy and complexity.

For this system, cables with cross-sections up to 35 mm? can be used. Based on the standard
DIN VDE 0100-520 [220], the voltage drop along the cable should be limited to 3 % of the
maximum DC link voltage ufncax at steady-state conditions, i.e.

j !
—E <3 %. (3.51)
This also limits the transmission losses p; ¢ to 3 % of the generated power p,., as

2
2R, (id° jde
3.46 1 2 Ryi, (3.51)
Ag (3.49) éi) =20% "y (3.52)
Dec Uec Lg Uee

The cross-section and voltage drop parameters limit the maximum system power and transmis-
sion line length. If more power is required, the overall system must be divided into subsystems,
which are then coupled on the AC side. Suppose the distances are very long, e.g. from the
floating platform to the shore. In that case, the grid transformer can be placed closer to the
generating units, i.e. on the platform, to overcome the long distances with medium voltage. The
longest DC link transmission line is reached with the smallest possible system size and a max-
imum cross-section of 35 mm?. The smallest system configuration consists of one grid inverter
with 5 kW. The permissible cable length is then about 4 km. Therefore, a single m-section is
sufficient to model the DC link transmission line [148, 219].

The inductance L; depends strongly on the design of the cable. The cross-section, the thickness
of the insulation and the wires’ twisting are decisive factors. There are various formulas for
estimating the cable inductance [218, Sec. 39], [187, Sec. 6.4]. However, if the actual value of a
particular cable is required, it must be measured. It is often also specified by the manufacturer.
As a rule of thumb, a specific inductance of

025 <1 <15 (3.53)
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can be assumed [148].

Fig. 3.11 shows the overall system model with the simplified transmission line model. The
specific value for the insulator capacitance Cj is in the order of 100 to 300 % [148]. In this
model, the insulator capacitance is parallel to the DC link capacitances (. and G,. The insulator
capacitance C| is many times smaller than the DC link capacitances and can, therefore, be
neglected [148]. Thus, the dynamics of the current igc that flows in the DC link transmission
line is given by

d 'dC o 1

ac't T 2L, (
Fig. 3.11 shows the block diagram of the resulting DC link dynamics of the energy conver-
sion (EC) system.

ule — 2 Ry —ug) . (3.54)

1
2L,

|
|
DO
=N\

'y

&

N

]

Figure 3.12: Block diagram of the DC link dynamics of the resulting DC link dynamics of the
energy conversion (EC) system.

3.2.4 Linearisation in the State-Space Representation

A linearised system is required for the stability analysis in the next section. With the dynamics
of the DC link voltage ugc from (3.42), the current dynamics of the current controller as defined
in (3.29), the dynamics of the transmission line (3.54), and the dynamics of the RES-side volt-
age ugf from (3.45), the nonlinear dynamics of the system shown in Fig. 3.11 are determined

by
= g [ S () o )

dc
T N, u
dq .dq . gg
+ (upcc> 7 ) — Ng Uoss —

Ry,
d .d 1 .d .d,
== (i, — i) (3.55)
C
d g 1 /4 d d
ézgc oL (uef 2Ry iy — ugc)

d 4c i L (~dc . -dc)
ec .

@ de _
dt = G

The dynamics of the DC link can be given by the generic state-space representation with [221,
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Sec. 2.5.2]

d
7d Ldc = fdc(wdm Uqc, ddc)
t (3.56)

Yde = gdc(mdc) )

where x4, is the system’s state vector, u,,. is the input vector, and dy is the disturbance vector.
They affect the system’s dynamics as described by the state function f,.. The output vector y4,.
is determined from the system states x4, according to the output function gg..

A small-signal analysis around the operating points xj. is performed to obtain a linear state-
space representation of the DC link dynamics. If the deviations from the operating points
are small, the nonlinear equation (3.56) can be approximated very well with the first-order
Taylor series [221, Sec. 2.5.2], [93, Sec. 3.2.3]. In the following, the quantities that depend on
the operating points are marked with a superscript star (%), and a delta (AQ) indicates the
deviations from the operating point. Thus, the linear approximation of (3.56) can be given
by [221, Sec. 2.5.2]

8fdc(s'gd(:) Uqc, ddc)

d
dat (fﬂﬁc + Awdc) = fac ($§C, Uges d?lc) + ) .. Az,
:Cdc wdcvudcvdSC
8fdc(mdm U, ddc) Aud (3 57)
Ottge hewbodie
Of dc(Tgc; Uger dac) Ad,
Odac Sheutedie

The system definition (3.56) also applies to the operating points. Since the linearised system is
analysed around the operating points,

d X
&mgc = fdc (wdca uz(ica déc) =0 (358>

holds. This leads to the generic small-signal state-space representation

d Of e (T s Uae, dac)
7A _ C (o) (65) C
dt mdc dec

Aazdc
* *a
Ldcr UdcsPde

Of ac(®gc, Uqe, dgc)

+
8udc

Aug, (3.59)

* * *
Ldc Udc 7ddc

afdc(mdca Uqc, ddc)

+ Ddy,

Ady. .

* * *
wdmudmddc

Linearisation of the nonlinear system dynamics (3.55) leads to the system’s small-signal state-

120



3.2. MODELLING AND STABILITY ANALYSIS OF THE DC LINK DYNAMICS

space representation

0] [ % .dxLgT]

* * 1
Augc an a2 [eR Augc —Rde Ul T
d _1 d 1
d AZ] O Te O 0 AZ] " E A d
a4 = U ref
dt sde 1 R 1 dc ;
Adg —7; 0 —7b ar| | Al 0 o
d d C
Aueg 0 0 1 0 Aueg 0
S—— L Cee B L -
. | ——
o Awdc - Adc = Bdc
- .q
—ngc% i —Kie TR— i —%gg 0 A o
A d
0 0 0 0 0 Upee (3.60)
+ Aufee :
0 0 0 0 0 .
AZloss
1
i 0 0 0 0 o AZSCC
—_——
= Edc = Addc
Augc
Augc L0 0 0f [ A
dc - .dc
Auec 0 0 01 AZg
DN ) dc
- Aydc = Cdc Auec
The, the coefficients a;; and a5 of the system matrix A,4. are given by
* Kdc Lf -dgx 2 Lf -dgx T.dq* dgx T.dq* 2 (ugC*>2
11 = “gex <Rf B ) Hzl + 7 (,Ll,ref) 1+ (upcc) 1 - W
C
(3.61)
L ) L; .
aty = e ((Re = 25) 240" + it + i)
TC 7-C
where I N 5
_ g (3:33)
K/dc T 2 dex C - 2 dex C : (3’62)
Ug Ly Ug  Cgc

The reference current ild,ref determines the active power p; and, thus, the power p, that flows
from the DC link via the grid inverters into the grid, as indicated in (3.20). It is governed by
the droop controller dynamics in the time domain of the DC link voltage ugc with

%iﬁref = :d <_Kd (u(gic> iﬁnom (ug,cref - u(gic) - Z.ii,ref) : (363)

Since the active power py should increase with the DC link voltage ugc, the droop gain K4 needs

to be positive, and
K4>0 (3.64)

must hold. To modify the dynamics of the controller, a first-order low-pass filter with the time
constant 74 is inserted. This is essential for the power smoothing presented in Sec. 3.3, as it
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suppresses the effects of fluctuations in the DC link voltage ugc on the current ifl.

The nonlinear droop gain K, depends on the grid-side DC link voltage ugc according to (3.13)
and as shown in Fig. 3.5. However, for the small-signal system, the gain K is considered to be

constant for small deviations Augc around the operating point ugc*

Extending the small-signal state-space system (3.60) by the controller yields the closed-loop
system

[ o) a . 0 —rjeifLle]
dc 11 12 C’g dc 1 Te de
Aug Aug
1 1
Aifl 0 ~ 00 Te Aifl
d ] 1 1 1 .
" A | =] 2, 0 5 e 0 Aige
dc 1 dc
Aty 0 0o - o 0 0 At
d d
AZ1 ref K1 Ai
’ d %,nom 1 1,ref
L 7 0 0 0 R
= Adc cl
B .d *  edx L]
Kd % ,nom Fdc U ch
.d
_ Kd %l,nom
TC
+ 0 Aule (3.65)
0
Kd 7"ld,nom
L o Td J
[ x Lg g% *  .dx * gk Ng T
—Kdet 1] —HKgel] —Kact —e= 0 q
Te 8 AZl,ref
d
0 0 0 0 0 Aul,
+ 0 0 0 0 0| |Aude],
Ai
0 0 0 0 = loss
‘ec
Al
0 0 0 0 0
- — = Adgy,
= Edc cl
where I
= El (3.66)
]

is the time constant of the transmission line, dg. is the disturbance vector and Eg. is the
disturbance matrix.

The root locus method is used in the next section to analyse the system’s stability. Here, the
poles and zeros of the transfer functions are evaluated for varying values of specific system
parameters. The transfer functions of both the open- and the closed-loop are required for the
start and end points of the root locus plots (see Appendix A.5).

The open-loop transfer functions can be derived from the open-loop state-space system (3.60)
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with (see Appendix A.4)

Yaels) _ o (s, — A) ' Bue, (3.67)

which yields
Augc(s) B Fig(s) A
de - Zl,ref(s)
A (s) Foec(s)

.dx L .
(méc i —aly s mgeil” Lf) (1452R Ge+ 5”211 Cie ) (3.68)

c
(1+s7) [ah + 3<2 R Cee aﬁ—cigc—l) + 52(—2 R Coe+2 L Coaly) — s°2L, C:ec:| p
= AfL’Lref(S) :

* .dx Lg * * .dx
Rdell 7 —012F 8Kdcl L

c
(1+s7) [‘111 + 5<2 Ry Cee 0;1—%5—0 + 52(—2 R Coe+2 Ly G aly) — s°2L, C’cc:|

The system is primarily stimulated by the current zgg from the generation units. Therefore,
the transfer behaviour from the current i%S to the DC link voltages ugc and v should be
investigated. Since the current zgg is uncertain and depends strongly on the natural conditions
such as wind, sun and waves, it is introduced as a disturbance to the system in Sec. 3.2.3.
Consequently, the disturbance transfer function must be determined. It can be derived with

YaclS _
djcgsg = Cdc (S I;— Adc,cl) ! Edc,cl ) (369>
which yields
c (1+s7)(1+s79)
Au(g1 (s) o 1 Xdc(8) ‘ Aidc(s) (3 70)
Augg(s) 2 C;ec Cg Ll Te Td Nee(s) o ’ .
Xdc(s)
with the numerator
./\[ec(8> = bO + bls + b2 82 + b3 83 + b4 84, (371)

and its coefficients

2G, L L
bO =1+ ul (Kd iﬁnom (_QTQ + Kéc Zii*Tf) - CLT1>

0! ¢

bl =T.+1Tq
1 T, T, 1
+20gL1 [T - CL)lkl (1 + = + d) +Kdild,nom <_a){2 +Lf K:lcifl* (7_ + )>:|

1 U Ul

(3.72)

T. T, T T, . .
ba :TCTd+2CgL1 (l—i—g—l-g—aﬁ( CTld +7’C+Td> +Kdzﬁnomﬁgczii*Lf)

Tc Td

b3:20gL1<
T

*
+7—C +Td — a1q TCTd>

b4:2CgL1’TCTd.
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The characteristic polynomial is given by

Xde(8) = det (s I'5 — Agea) = ag + a1 5 + ay $* 4+ ags’ + ags' + a5, (3.73)
where . I
_ % K-d (*»d*f_*))
ag 2CecLchTd( @11 + 54 % nom | Kdec Ul - a1
P Cg+czec _ a’1(1 (1+ (Tc+Td) Tl)
! 2 Cg Céc Ll Te Td TeTd N 2 Cv'ac Ll
Kqifhom N w dw Lf T,
4 D lnom (e e s Dt (g ))
TeTd T ( 12 de’l Te ( 2C'ec Ll
C.+C.) (1. + 1 1 1 1
a2:(g ec)(c d)_aa{l( + + )
2, G Ly 7o 1q TeTa Tt TaTi 2CGc Iy
) ) T
+ <1 + K4 zii’nom (Fagc zfl* L (1 + l) —aly 7'1)) (3.74)
TchTl TC
.d *x  .dx
az = <Tc+Td+Tl+Kd11,nomffdc21 Lle)
TeTdN
1 1 1 G+ C,
_a* _ _ l _& = Tec
i <n i +n> ibTeRen
11 1,
(14:*"'*"'*—&11
Te T4 T
(15 =1.

3.2.5 Stability Analysis of the DC Link Dynamics

The root locus method is particularly suitable for investigating the influence of variations in the
system parameters on the transfer behaviour. With this method, the poles s, ; of the closed-loop
transfer function (3.70), i.e., the solutions (roots) of the characteristic equation

Xdc(s) =0, (3.75)

are displayed graphically on the complex s-plane for varying system parameters. In particular,
these are the droop gain K, the droop controller time constant 74, the DC link capacitance Cy.
and the transmission line length [;. The solutions of the characteristic equation are also the
eigenvalues of the system matrix Ag... The system is locally stable if all poles s, ; have
negative real parts with

R{s,:} <0, (3.76)

i.e., they are located to the left of the imaginary axis [94, Sec. 3.2], [93, Sec. 6.3]. The system’s
stability can be assessed, and a qualitative statement can also be made about the dominant
poles, the damping and the oscillation behaviour [84, Sec. 6.1.2].

Typically, the controller gain is varied, which in this case is K. Various simulation software,
such as MATLAB, provide functions that are suitable for this case. The transfer function of the
open-loop is passed to the function, and the poles of the closed-loop system for different values
of K4 are returned [222]. If the variation of another parameter is to be analysed, the transfer
function can be changed accordingly so that the existing software functions can also be used
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(see Appendix A.5). However, this is only possible if the parameter only occurs at one position
in the transfer function. If the parameter appears more than once, as is the case here, the root
locus plot can only be determined by numerically evaluating the characteristic equation for each
parameter value. The influence of various system parameters is to be analysed here, which is
why all root locus plots are calculated numerically.

Fig. 3.13 shows the root locus with varying droop gain K4 for three operating points. There,
the transmission line material is set to copper, and the length is set to [, = 1000 m, which is
specified as the greatest possible length for this system. The DC transmission line is not suitable
for longer distances at this voltage. The specific inductance is set to L] = 1 % to account for
the worst case.

The current ifl* has the most significant influence on the root locus plot among the operating
points xj,. Therefore, three subplots, (a), (b), and (c), are shown below for ifl* = iﬁnom,
ifl* =0A, and ifi* = —ifnom, respectively. A positive current ifl means power flows from the DC

link into the grid. If the current iii is negative, the DC link is supplied by the grid. All other
operating points are set to the corresponding nominal value.
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Figure 3.13: Root locus plot with varying droop gain Ky for the operating points (a) z'ld * = ifnom,
(b) if* =0 A, and (c) i{" = —i{'om-
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For K4 =0 Vfl, the root locus plots start at the poles s, ; of the open-loop transfer func-
tion F, ,(s) and end at its zeros s,; for K4 — oo [94, Sec. 5.3]. In the figures, the open-loop
poles are marked with a cross [X] and the zeros with a circle [O]. This means that with increas-
ing droop gain K, the poles move from the crosses to the circles (X—0). Additionally, the
dashed lines indicate the asymptotes of the root locus curves that go to infinity. The asymptotes
intersect on the real axis in the root locus centre oy, given by [84, Sec. 5.4.10], [93, Sec. 6.4.3.4]

@:?R{Sp,i} - i%{sm}) : (3.77)

where n is the number of poles s, ; and m is the number of zeros s, ; of the open-loop transfer

function. For rationale transfer functions, n > m holds. The angles of the asymptotes are given

1

n—m

Oy =
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by [93, Sec. 6.4.3.5]

s

¢rl =

(2i—1), (3.78)

n—m
withi e {1,...,n—m}.
The zeros of the open-loop transfer function Fy, ,(s) from (3.68) can be given by
1 als
(3.79)

1 14,120
5 =—| - — .
2237 o q R C.

For i* = 0 A, the zero s, ; approaches infinity, meaning only the two zeros s of the open-loop
1 z,1 Y g Yy 2,2/3

transfer function Fy, ,(s) remain. Depending on the operating point iii*, the zero s, ; is either on
the left half-plane or on the right half-plane. This means the system is non-minimum-phase if the
DC link is supplied from the grid (iij* < 0 A), which can challenge the controller design. Since
the poles approach the zeros of the open-loop transfer function for K3 — oo, they inevitably
cross the imaginary axis at a certain gain, thus making the system unstable. In addition, the
behaviour of the initially reversed step response known from non-minimum-phase systems can
occur under certain conditions [214].
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Figure 3.14: Zoomed area around the centre of the root locus plot with varying droop gain Ky
for the operating points (a) ild* = ifnom, (b) ifl* =0 A, and (c) ifl* = —iﬁnom. The poles for

K4 = (10 V)" are marked with a blue asterisk [].

Although a non-minimum-phase system only arises in case (c), in all three cases, the poles move
to the right half-plane as the gain K increases, making the system unstable. Fig. 3.14 shows the
zoomed area of the root locus plot around the centre o, from the previous Fig. 3.13. The curve
of the blue pole from the previous figure, located on the far left of the real axis, is outside this
range, as it is irrelevant to the stability analysis. In this area, the shape of the root locus plots
looks quite similar for the three operating points. They only differ in a few nuances. The poles
cross the imaginary axis when Ky > (0.39 V)™', K4 > (0.59 V) ™', and K4 > (0.78 V)~ for
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the operating points (a), (b), and (c), respectively. The gain K is given here inversely, as this
makes it easier to recognise the voltage range of the droop curve in which the power increases
from zero to the nominal value (see Fig. 3.5). The smaller the voltage range, the greater the
gain K.

In this case, the system becomes unstable if the voltage range is less than 0.39 V, in which
the active power p; increases from 0 W to the nominal value. This range is very small and,
therefore, not practicable. Due to measurement tolerances and errors, the measured DC link
voltages of the individual inverters differ. The deviations are less than one volt, but if the
voltage range is so small, the influence of the measurement errors increases. As a result, the
power distribution between the inverters is also very unbalanced. For this reason, the voltage
range should not be less than 10 V. The poles for K4 = (10 V)_1 are marked with a blue
asterisk [*k]. With increasing voltage range, the gain K4 decreases and the poles move towards
the open-loop poles [X].

The red and green poles that start on the real axis are turning conjugate complex when K4 >
(518 V)7', Kq > (5.28 V) ™!, and Ky > (5.38 V)™ for the operating points (a), (b), and (c),
respectively. This additional conjugate complex pole pair increases the oscillation behaviour of
the system, which can lead to increased overshoot. By keeping the voltage range greater than
10 V, these poles remain real.

In the case of operating point (a), at which power flows from the DC link into the grid, one
pole of the open-loop transfer function, where the root locus curve for K; =0 vt begins, lies
on the right half-plane. Therefore, the system is also unstable for gains that are too small, i.e.
voltage ranges that are too large. It becomes stable for Ky > (823.8 V)_l. In practical terms,
this means that the power is not fed into the grid as quickly as it is fed into the DC link by the
RES, causing the DC link voltage to rise steadily. This does not occur in the normal operating
range of the droop curve. The theoretical maximum voltage range is the difference between the
maximum and minimum permissible DC link voltage, which results in a range of 100 V.
However, the implemented droop curve from Fig. 3.5 is divided into different sections, separated
by plateaus where K4 = 0 V™. The operating points on these plateaus are unstable, and a
steady-state can not be reached there. As described in Sec. 3.1.2, these plateaus only serve to
separate the section and avoid circulating currents. The operating point slides over the plateau
during the transition from one section to another, and the new operating point stabilises again
in the next section of the droop curve.

The second droop control parameter is the filter time constant 4. Fig. 3.15 shows the root

locus plot with varying droop time constant 74 for the three operating points (a) z'ld* = ifnom,

(b) i* =0 A, and (c) i = —z'ffnom. The droop gain is set to K4 = (10 V). Again, the

three plots differ only very slightly. Only for the first operating point (a) do the poles cross
the imaginary axis if the time constant 74 > 268.8 ms, corresponding to a cutoff frequency of
fa < 0.5921 Hz. For power smoothing, the cutoff frequency must be low so that the fluctuations
in the DC link voltage ugc caused by the wave energy can be sufficiently suppressed. In Sec. 3.3,
it is shown that power smoothing can be achieved with this limit and that the system remains
stable.

The DC link capacitance Cy. is an important parameter in the system design and usually has
the most significant impact on the lifetime of power electronic devices [69] (see Sec. 2.1.2). It
essentially determines the dynamics of the DC link and, therefore, sets the limits of the droop
controller. The greater the DC link capacitance Cy., the slower the dynamics, allowing the
control parameters to be selected more conservatively.

On the other hand, DC link capacitors are expensive and take up a lot of installation space. For
this reason, the capacitance should not be arbitrarily oversized. Therefore, the influence of the
DC link capacitance Cy. on system stability will be analysed here.
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Figure 3.15: Root locus plot with varying droop time constant 74 and with K4 = (10 V)_1 for
the operating points (a) ifl* = iffnom, (b) ild* =0 A, and (c) ild* = —iffnom.

Fig. 3.16 shows the root locus plot with varying DC link capacitance Cy. and with K4 = (10 V)_1
for the three operating points (a) i = iﬁnom, (b) i* =0 A, and (c) i = —ifnom. In the area
of the centre of the root locus plot where the poles intersect the imaginary axis, the difference
between the three operating points is barely visible. The poles cross the imaginary axis when
Cqe < 39.4 pF, Cyq. < 54.6 pF, and Cy. < 70.5 uF for the operating points (a), (b), and (c),
respectively.

With the implemented DC link capacitance of Cy. = 810 uF, marked with the blue asterisk [*],
only one conjugate complex pole pair exists. The first conjugate complex pole pair on the
yellow and violet curves already occurs when the capacitance is less than 4810.8 uF. This
corresponds to five times the actual capacity and is therefore unreasonable to implement. The
second conjugate complex pole pair arises on the red and green curves if the DC link capacitance
is less than 409.5 uF, corresponding to about half of the implemented capacitance.

Even if a significantly lower capacity could be used due to the stability limit, the additional
oscillation behaviour should be avoided, which can lead to increased overshoot. Fig. 3.17 shows
two step responses with a DC link capacitance of Cy, = 810 uF [—] and Cy. = 200 pF [—].
The top subplot shows the current zgg [—] of the RES and the current igc that flows into the grid

inverter. It should be noted that the current zgg from the RES can become negative, meaning
that power is drawn from the DC link. This is necessary, e.g. for the reactive control of the
WEC (see Sec. 1.2.3). The second and third subplot shows the resulting voltages ugg and ugc

at the RES side and the grid inverter side, respectively. The current zedcc was selected so the grid
inverter reaches its rated power in steady-state conditions. This is shown by the fact that the

voltage ugc reaches the limit of the droop curve and increases or decreases accordingly by 10 V

(Kq = (10 V)_l). The voltage ugf on the RES side is higher or lower due to the voltage drop
on the transmission line resistance Rj.

The reduced DC link capacitance causes the voltages on both sides of the transmission line to
overshoot. This is due to the additional conjugate complex pole pair. With the capacitance
implemented, no overshoot occurs, although a conjugate complex pole pair is still present. The
overshoot could be tolerated in principle. However, it becomes critical if the system limits are to
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Figure 3.16: Root locus plot with varying DC link capacitance Cg, and with K4 = (10 V)_1 for
the operating points (a) ifl* = iffnom, (b) ifl* =0 A, and (c) z'ld* = —iﬁnom. The poles for the

implemented DC link capacitance with Cy. = 810 uF are marked with a blue asterisk [*].

be fully utilised. A corresponding safety margin must be maintained as the overshoot increases
due to component degradation. As the voltage range of the droop controller is very close to the
upper voltage limits, the overshoot cannot be tolerated here.

Given the component tolerances combined with the degradation during the lifetime, the capac-
itance can drop by around 40 % of its nominal value at the end of its lifetime (see Sec. 2.1.2).
Therefore, twice the capacitance should be selected at which the poles do not become complex,
i.e. approximately twice 409.5 uF. The selected capacity of Cy. = 810 uF is, therefore, already
an optimum value.

Finally, the influence of the transmission line length [; will be analysed. The length influences
the line resistance R) and inductance L, according to (3.48) and (3.53). Fig. 3.18 shows the root
locus plot with varying droop gain Ky for three different transmission line lengths: (a) l; = 1 m,
(b) I} = 100 m, and (c) [; = 1000 m. The poles cross the imaginary axis when K4 > (0.18 V),
Kq > (043 V)7 !, and K4 > (0.40 V) ™! for the cable length (a), (b), and (c), respectively.
For short distances in subplot (a), the red and green curves intersect the imaginary axis before
returning to the left half-plane. However, the first intersection at which the system becomes
unstable is at a droop gain K4 > (0.18 V)_l. As previously discussed, these voltage ranges are
too small for a practical implementation. Accordingly, no instability will occur due to the cable
length.

It can also be observed that the conjugate complex pole pair moves further away from the centre
for shorter lengths ;. Here, the non-vanishing resistance R;, that accounts for the contact
resistance and fuses is decisive for damping these poles. If the resistance Rj, = 0 m{2, the
transmission line resistance disappears completely for [} = 0 m. Fig. 3.19 shows the root locus
plot with varying transmission line length [} with ifl* = z'fnom and K4 = (10 V)_l. For the first
subplot (a), the resistance Ry = 0 mf). This causes the complex poles to move parallel to the
imaginary axis, which leads to an ever-decreasing attenuation for shorter lengths [;. The second
subplot (b) shows the root locus plot with a small resistance of Ry = 10 m{, which is already
given by the resistance of the fuses. As a result, the paths of the conjugate complex poles bend
to the left for decreasing lengths [}, which maintains the damping. From a length greater than
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Figure 3.17: Step responses with a DC link capacitance of Cy, = 810 uF [—] and Cy. = 200 uF
[—], where the input signal is the current i [—] of the RES.

8189 m, the conjugate complex pool pair becomes a real pole. However, as shown in Sec. 3.2.3,
this length cannot be attained in practice.

To illustrate the behaviour concerning the damping, Fig. 3.20 shows two step responses with
Ry =0 m [—] and Ry = 10 mQ [—]. The top subplot shows the current i ] of the

RES and the current igc that flows into the grid inverter. The second and third subplots show

the resulting voltages ugcc and ugc at the RES side and the grid inverter side, respectively.

The effect of the lack of damping can be recognised in the current, which begins to oscillate
strongly. At shorter lengths, the oscillation decays more and more slowly. However, according to
the stability definition, the system remains stable. Even if very short transmission line lengths
are irrelevant for this system, this oscillation should be avoided. These analyses show that the
resistance R, is sufficient to dampen these oscillations. Although this resistance only results
from parasitic effects, it is essential for the damping of the system and its accurate modelling.
The resistance R;j = 10 m{2 assumed here is based solely on the fuses and will be higher in
practice due to the contact resistances of several connections between the units. Therefore, even
very short distances can be realised without strong oscillations.
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Figure 3.19: Root locus plot with varying transmission line length [} with ifl* = iﬁnom and
Kyq = (10 V)™ for (a) Rjp = 0mQ and (b) Ry = 10 m€2. The lengths /; = 1 m, /; = 100 m,
and [} = 1000 m are marked with a blue [%*], red [%*], and yellow [*] asterisk, respectively.
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Figure 3.20: Step response with R}y =0 mQ [—] and R}y = 10 mQ [—].
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3.3 Power Smoothing

A common challenge for wave energy converters is power smoothing (see Specification (S11)).
The generated electrical power fluctuates with the waves’ movement with a period of a few
seconds, depending on the prevailing sea state. The power peaks generated are many times
higher than the average power. If these power peaks were fed directly into the grid, this could
lead to severe voltage and frequency fluctuations and harmonics [223, Sec. 1.3], [224, 225]. This
can cause damage to other devices connected to the grid or even lead to a power failure. These
power peaks must be stored in a short-term storage system and continuously released when the
power generated is below the average power.

The optimised positioning of the WEC modules in a WEC array can achieve an additional
smoothing effect. The time delay of the waves at the individual WEC modules leads to a more
evenly distributed total power [226-228]. It can be shown that the standard deviation of the
power generated decreases significantly with the number of modules [229]. This means that the
ratio between the peak and average power becomes smaller, which requires a lower short-term
storage capacity per installed WEC power. This applies, in particular, to the WEC presented
in Sec. 1.2. In the following, power smoothing is analysed for just one module. As the peak-to-
average power ratio is the highest here, it represents the most demanding case. If the number of
WEC modules is increased, the control strategy does not need to be adapted. It is only a major
advantage for power smoothing as the ratio of the short-term storage capacity to the number of
modules can be significantly reduced, according to the standard deviation of the power output.
The following section introduces the supercapacitor unit, which is used here as the short-term
energy storage. In Sec. 3.3.2, the control system and the measurement results of the full-
sized WEC prototype are presented. The last section describes power smoothing for the power
electronics system presented, in which the supercapacitors are connected to the DC grid via the
bidirectional DC/DC converter.

3.3.1 Short-Term Energy Storage

Energy storage systems are necessary when energy is not immediately required but is needed
later. They are particularly essential for renewable energies due to their natural fluctuation.
The transition in mobility to electric drives also requires extensive and powerful energy storage
systems. Electric vehicles connected to the grid are not always considered as loads. If electric
vehicles are not needed immediately, they can be used as a flexible energy storage system. This
so-called vehicle-to-grid (V2G) technology supports their integration into a smart grid and the
transition to decentralised energy generation [230].

Energy storage systems can be classified into different categories. A categorisation can be made
according to the stored energy’s form or its dynamics, meaning how fast the energy can be
extracted or stored. The energy from short-term storage units is available within milliseconds
and typically at high power. Long-term storage systems are suitable for providing energy over
a longer period, but their dynamic behaviour is slower. Their strength lies in the amount of
energy they can store.

Purely electrical storage devices are capacitors and inductors storing energy in the electric
or magnetic field, respectively. They are designed for short-term storage purposes. Batter-
ies are long-term and electrochemical storage devices consisting of various chemicals, such as
lithium-ion (Li-ion), lithium iron phosphate battery (LiFePOQ,), lead-acid (Pb), nickel-metal
hydride (NiMH) and others.

Pump storages are also long-term energy storage systems, but the energy is stored mechanically
as potential energy. Another mechanical energy storage system is the flywheel, where the energy
is contained in a rotating mass as kinetic energy. Electrical machines are connected to the

133



CHAPTER 3. CONTROL OF THE MODULAR DC GRID

rotating mass and convert between electrical and kinetic energy. They are typically used as short-
term storage units. The rotating synchronous machines used as generators in the traditional
electrical grid are to be considered in their secondary function as flywheel storage units. As
discussed in Sec. 3.1.1, the energy stored in their rotating mass compensates for the power
imbalance within the first few seconds. In [231-233], flywheels are considered to smooth the
output power of wave energy converters.

Two essential parameters for categorising energy storage systems are the specific energy

E
E _ es,nom (3,80)
spec Mo
and the specific power
Pspec = péfr,lnom ) (381)
€es

where the nominal energy Feg nom and the nominal power peg nom are set in ratio to its mass mg,
respectively. The Ragone diagram in Fig. 3.21 shows the various storage technologies according
to their specific energy and specific power. The specific energy of lithium-ion batteries is the
highest, while electrolytic capacitors have the highest specific power. The diagonal lines mark a
constant ratio between Egp,c. and pgpe.. They indicate the time until the storage can be charged
or discharged completely with its nominal power pegpnom- This indicates that the short-term
storage units are located at the bottom right and the long-term storage units at the top left.

Espec / Wh/kg

Pspec /| W/kg

Figure 3.21: Ragone diagram of the specific energy and power of batteries and capacitors [234,
Sec. 2.1.2].

The electrochemical double-layer capacitor (EDLC), also referred to as supercapacitors or ultra-
capacitors, forms the link between capacitors and batteries. EDLCs are characterised by a very
high capacitance of up to several thousand farads, and their cycle stability is significantly higher
than that of batteries. On the other hand, their voltage rating is relatively low and usually less
than 3 V. To achieve higher voltage ratings, supercapacitor cells have to be connected in series.
Due to component tolerances and ageing, different voltages can occur at the single capacitor
cells during charging and discharging, which requires a balancing system [235, 236].

Their low energy density compared to batteries and relatively high self-discharge rate make
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them unsuitable for long-term storage. However, they are ideal for short-term storage, which is
why they are used here as storage units for power smoothing. In renewable energy applications,
supercapacitors are used to smooth the power variations and to fulfil the grid requirements,
such as the low voltage ride-through (LVRT) capability [237-239]. Because of their simplicity,
supercapacitors are often chosen for the short-term energy storage system in WECs [225, 240—
243].

Batteries are not suitable for this purpose due to their lower cycle stability. The cyclic lifetime
of lithium-ion batteries ranges from several hundred to several thousand cycles [244, Sec. 12.3].
Supercapacitors, on the other hand, can last from several hundred thousand to several million
cycles [245]. With a typical wave period of 10 seconds, several thousand cycles can occur daily.
In addition, the short-term storage must absorb a high power level within a short period of the
wave cycle. Batteries are, therefore, unsuitable for this purpose. A hybrid system consisting of
batteries and supercapacitors can combine the advantages of both technologies. The superca-
pacitor, with its high power density, can withstand high power peaks, while the batteries, with
their high energy density, can provide or store energy over a long period [237, 246, 247].
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Figure 3.22: Schematic structure of an electrochemical double-layer capacitor and the equivalent
circuit beneath.

Supercapacitors also combine the technology from conventional capacitors and batteries, as
the energy is stored in electrical and chemical forms. The physicist Hermann von Helmholtz
discovered this capacitor’s functional principle in 1853 [248]. Fig. 3.22 shows the schematic
structure of an electrochemical double-layer capacitor and its equivalent circuit. The EDLC has
two electrodes that are mechanically separated by a separator but electrically connected via an
electrolyte. Two so-called Helmholtz double-layers occur at the boundary layers between the
electrode material and the electrolyte. This layer constitutes the dielectric and consists of a few
molecular layers, about 0.3 to 0.5 nm thin [249, Sec. 3.4].

The high capacitance of supercapacitors is due to the double-layer effect and the electrode
material. In general, a capacitance C of a capacitor is given by [250, Sec. 21]

C=¢€¢€ % , (3.82)

where ¢, is the relative permittivity, ¢, is the vacuum permittivity, A is the area of the electrodes,
and d is the distance between them. The supercapacitor’s electrodes consist of a sponge-like
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activated carbon with a vast surface area. This area can be utilised with the liquid electrolyte.
In addition, the double-layer is extremely thin. According to (3.82), these two factors result in
a very large capacitance, ranging from a few farads to several thousand farads per cell [251].
Some ions from the electrolyte can overcome the double-layer and make direct contact with
the surface of the electrode. These transfer electrons to the electrodes, creating a pseudo-
capacitance. The pseudo-capacitance always occurs together with the double-layer capacitance,
adding up inseparably to a total capacitance. The term pseudo-capacitance is used because it is
a chemical reaction instead of the electrostatic storage of a classic capacitance. The high cycle
stability of supercapacitors is due to these reactions being highly reversible [244, Sec. 6.1.2].
The high self-discharge rate compared to batteries and classic capacitors is due to the finite
resistance of the double-layer. This is modelled in the equivalent circuit by the resistance Rjqgy.
In addition, chemical equalisation processes in the electrolyte also reduce the charge. The
equivalent series resistance (ESR) R, is also significantly higher compared to classic capacitors.
The conductivity of the electrolyte and the separator primarily determines it. A more detailed
description of the technical details of supercapacitors can be found in [244, Sec. 6.1.2] and [249,
Sec. 3.4].

Although supercapacitors are electrochemical storage units, they can be modelled with a simple
RC model, as shown in Fig. 3.23(a). This is possible due to the high reversibility of the chemical
reaction. However, if the supercapacitor is charged or discharged rapidly, the entire capacity
cannot be utilised due to the limited penetration depth into the activated carbon. In a subse-
quent rest phase, recharging processes occur, leading to a change in the terminal voltage [244,
Sec. 6.1.3].

For such highly dynamic applications, a three-branch model, as shown in Fig. 3.23(b), can
account for these effects. Each branch has a separate time constant. The first branch dominates
the immediate behaviour, where a voltage-dependent capacitance Cj,(u;) is added. The second
branch accounts for the short-term effects in the range of some minutes, and the third branch
accounts for long-term behaviour after more than ten minutes [252]. A more detailed model
with multiple RC branches can be considered to further increase the accuracy of the dynamic
behaviour [253, 254]. However, the simple RC model is sufficient for the application in the WEC,
where moderate charging and discharging are given, and short-term storage of a few seconds is
required [255].

(a) . (b)

EI Ricax

Figure 3.23: (a) RC model and (b) three-branch model for highly dynamic applications of
supercapacitors.

The state of charge (SoC) of the energy storage system is crucial for controlling and monitoring
the system. In general, the SoC is defined as [256, Sec. 7.1.3]

SoC = SoCy + Qqes , (3.83)
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where SoCy is the initial state of charge for ¢ = 0 s, Q.o is the nominal charge of the storage
when it is fully charged, and

¢

Ges = / les dt (384)
t=0 s

is the charge that flows into the storage unit. Note that the current i,, flows into the energy

storage here, and the SoC increases if the current i, is positive. When the storage is fully

charged, SoC = 1 applies.

Using the SoC for battery systems is standard practice, as it correlates with the energy they

contain. This is because the terminal voltage of a battery hardly changes or only changes

slightly with the SoC. This is not the case with supercapacitors. The energy FE,. depends on

the voltage u. and can be given by
1

2
E,= 3 Cy ug , (3.85)
where Cg. is the capacitance of the supercapacitor.
Therefore, introducing a state of energy (SoE) analogue to the SoC is much more practical. It
is defined as [257, 258]
AFE,

AFE, ’

es,nom

SoE = (3.86)
where AFq om is the nominal energy of the supercapacitor when it is fully charged. The
supercapacitor’s maximum and minimum permissible voltage g max and g min determines the
usable energy with

1
AEles,nom = icsc (uzc,max - uzc,min) . (387)

Accordingly, the actually stored energy AFE,, is determined starting from the minimum volt-
age Uge min- Inserting (3.87) into (3.86), the state of energy depends only on the voltages with

2 2
U — U i
SoE = fsoe(uc) = 2 . chlm . (388)
usc,max - usc,min

When the supercapacitor is fully charged, SoE =1 and u, = g max-

3.3.2 Control of the Electrical System of a Wave Energy Converter

In the following, the control of the electrical system of the WEC module prototype is presented.
The test site of the full-sized prototype of the point absorber was located in Heraklion on the
Greek island of Crete. Since it was only a single module and not an entire floating WEC
consisting of several modules, the prototype had to be mounted on the harbour wall, as shown
in Fig. 1.9. This section is partially based on [3], where parts have already been published.

Electrical System of the WEC Module Prototype

In this experimental setup, the supercapacitor is connected directly to the DC link because
the development of the bidirectional DC/DC converter presented in Sec. 2.3 had not yet been
completed at the time the prototype had to be installed.

As there is no sufficient grid connection at the harbour wall, the energy generated by the WEC
is used to charge batteries. For this purpose, a purchased unidirectional DC/DC converter is
used to charge a battery storage unit. The energy in the batteries is used for various peripheral
devices to ensure that the batteries are not fully charged so that the energy generated by the
WEC can always be stored. Power smoothing is also required here to reduce the battery’s load
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and thus ensure a longer lifetime. The high power peaks in the upward movement of the floating
buoy are to be absorbed by the supercapacitor and slowly released during periods of lower power
generation.

The DC link voltage has to change according to the fluctuating power to charge and discharge
the supercapacitor bank during a wave. The DC link voltage is controlled by the current
through the DC/DC converter, where the reference current is computed in a programmable
logic control (PLC) and transmitted to the converter. The control system is divided into two
parts. The first part measures the generated power and calculates the reference DC link voltage,
yielding a nonlinear control system. The subsequent voltage control loop ensures that the DC
link voltage follows this reference.

As a safety measure, a braking chopper is integrated to dissipate excess energy. This prevents the
voltage from rising above a specific limit. The chopper works independently and is, therefore,
regarded as a disturbance to the control system. In addition, the chopper does not have to
intervene if the control system works correctly.
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Figure 3.24: The electrical circuit of the wave energy converter and illustration of the power
flow, where p,, is the fluctuating power from the WEC, p, is the power flowing in and out of
the supercapacitors, and p, is the smoothed power flow into the battery.

Fig. 3.24 shows the WEC’s electrical system schematic as realised at the test site. The WEC’s
floating buoy swims on the water, moving up and down with each wave. The lifting rod is
attached to the buoy and moves with it. The vertical movement is converted into a rotary
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. . Voltage and current
DC/DC converter DC link connection measurement

Supercapacitor
Balancing cricuit

Supercapacitor cell

Figure 3.25: Photo and computer-aided design (CAD) illustration of the supercapacitor bank,
the battery system and the control cabinet with the voltage and current measurement.

movement via the rollers of several generator units, which are pressed onto the rod with springs.
A generator unit that is an earlier version than the one described in Sec. 2.4 has been used. The
main differences are that a gearbox is still used here, the rated power is only about 3 kW, and the
maximum DC link voltage is limited to an absolute maximum of 400 V. For additional safety,
the voltage is limited to uﬁfax =380 V. The VSI requires a minimum voltage for the current
control, which mainly depends on the rotational speed of the permanent magnet synchronous
machine (PMSM). Therefore, the voltage should not fall below uifm =300 V.

The PMSM is current-controlled by the VSI, which allows the torque of the generator rollers to
be set. In this way, the mechanical power can be converted into electrical power by decelerating
the movement of the rod. All DC outputs of the generator units are connected in parallel to the
DC link.

As supercapacitor cells have a relatively low nominal voltage, several cells are connected in series
to form a supercapacitor bank. The cells used have a nominal voltage g nom; of 2.7 V and a
capacitance of Cy.; =350 F [245]. With a maximally permissible DC link voltage of 400 V, at
least 149 cells are required in series. The developed supercapacitor bank consists of Ny, =160
cells connected in series, divided into 16 modules with ten cells each.

The cell voltages are balanced by connecting a balancing circuit in parallel to each cell. It
consists of a resistor and a bipolar transistor connected in series. An analogue circuit compares
the voltage of two adjacent cells and uses the transistor to control the current through the
resistor. The supercapacitor bank and the other components are shown in Fig. 3.25.

Due to the series connection of the cells, the equivalent series resistances R, ; of each cell add
up, resulting in the total resistance

Ree = Z Resr,i . (389)
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Figure 3.26: Photo of the DC/DC converter VarioString VS-70 (a) and the LLC half-bridge
topology (b).

Here, this results in an ESR of 512 mf). The overall capacitance Cy. is given by

—_

Cye = ~ (3.90)
SC 1
ZZ:I Csc,i
Assuming that each cell has the same capacitance, the calculation can be simplified to
C.. .
Csc = % ) (391)

SC

which results in 2.19 F. The VSI of the generator units have a DC link capacitor to stabilise
the voltage at their terminals. However, these are electrolytic capacitors with 1410 uF, which
are very small compared to the capacity of the supercapacitor bank and can therefore be ne-
glected. The other parameters are calculated similarly, leading to the electrical parameters of
the supercapacitor bank, listed in Table 3.1.

Due to the specified limits of the DC link voltage udc, the energy stored in the supercapacitors
cannot be fully utilised. The maximum available energy in steady-state conditions that can be
used for power smoothing is, according to (3.87), about 16.5 Wh. That is around 38 % of the
energy contained in the bank.

There are several methods for estimating the required storage capacitance [240, 259, 260]. For
a rough estimate, it is assumed that the WEC generates the maximum power over 2 s, which is
the typical duration of a power pulse. The prototype has eight generator units installed, each
with a rated output of 3 kW. This results in an energy of around 12 Wh, which the installed
supercapacitor bank must provide.

Fig. 3.26(a) shows the unidirectional DC/DC converter manufactured by Studer Innotec, which
is used to charge 48-V-batteries from the DC link. The DC/DC converter is designed to be
installed in a photovoltaic application. However, its specifications listed in Table 3.1 are ideally
suited for the application considered here. A very high efficiency is achieved by a resonant LLC
half-bridge topology, shown in Fig. 3.26(b). This topology allows zero voltage switching (ZVS),
leading to low switching losses [261].

The DC/DC converter can be configured to operate in a current-control mode, which enables
the current z(eisc to be controlled. The reference current ’LSSC ref 18 transmitted via a serial RS-232
communication bus from a PLC in which the control of the DC link voltage is implemented. The
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Table 3.1: Eletrical parameters of the used components.

Unit Name Parameter  Value
Rated Capacitance Cac,i 350 F
Equivalent Series Resistor Regr i 3.2 mQ2
Supercapacitor Cell Rated Voltage Use nom, i 27V
Absolute Maximum Current g max 170 A
Maximum Leakage Current Ueak,i 0.30 mA
Number supercapacitor cells Ny, 160
Rated Capacitance Cye 219 F
Supercapacitor bank Equivalent Series Resistor R, 512 mQ2
Rated Voltage Use nom 432V
Absolute Maximum Current Ise, max 170 A
Maximum power Psc, max 73.4 kW
Nominal Power Des nom 4.2 kW
Maximum Input Voltage uf}; max 600 V
DC/DC converter Maximum Input Current z‘ﬁsﬁmax 13 A
Nominal Battery Voltages Upba nom 48V
Maximum Battery Current iba,max 70 A
Maximum Efficiency n > 98 %

PLC can measure the currents and voltages in the system, the wave height, and the position of
the floating buoy.

Control of the DC link

The control of the DC link must fulfil two objectives. Firstly, the battery current 4, should be
as constant as possible to increase the battery’s lifetime. Secondly, the DC link voltage should
remain within the limits ufrfin and ufrfax and maintain the nominal voltage uggm on average. In
this case, the nominal voltage uﬂgm =350 V is chosen. As a result, the energy stored from
the nominal voltage to the upper voltage limit is approximately the same as from the nominal
voltage to the lower voltage limit.

The stored energy in the capacitor bank is, according to (3.85), proportional to the square of
the capacitance voltage u.. This means that if energy is to be stored in the supercapacitor bank,
the DC link voltage u® must increase. If energy is to be released, the voltage must decrease.
Hence, the DC link voltage must fluctuate accordingly for power smoothing to work with a
supercapacitor connected directly to the DC link.

The DC link voltage results from the current igg through the capacitor bank and is given by

1
CYS C

dc .dc
U = Uggy + U = Regy tps +

/ S8 dt + g, (3.92)

where the voltage u,  is the initial voltage over the capacitance Cy, at t=0 s.

The DC link voltage u% can be controlled with the current

.dc .dc .dc
s = fwe = fps (3.93)

141



CHAPTER 3. CONTROL OF THE MODULAR DC GRID

flowing into the energy storage system through the DC/DC converter. The current zgv‘f: from the
WEC is interpreted as a disturbance. The dynamics of the DC/DC converter are approximated
by a first-order transfer function with the time constant 7. Laboratory experiments have shown
that this assumption describes the behaviour sufficiently well. This yields the transfer function
of the DC link voltage with

udc(s) - 1 + 5 Resr Csc (3 94)
ig;ref(s) S C’sc (1 +s 7-es)

The system exhibits integral behaviour, so a proportional (P) controller is sufficient for reference
tracking. However, a stationary control deviation can still occur since the disturbing current z(vjvcc
acts on the system. This can be compensated for by a controller with additional integral control
action [84, Sec. 7]. This results in a proportional-integral (PI) controller with transfer function

.dc
Tos ref (S 1+sT
. o C)lc =V, ) (3.95)
uref(s) —u (8) STy

Due to the double integrator, the controller is tuned according to the symmetrical optimum (SO)
to achieve a maximum phase margin of 37° [80, Sec. 1.3.2], which yields

V., = fQCi and T, =47 (3.96)
Tes

The control of the DC link voltage 1% also enables the energy in the supercapacitor bank to be
controlled in accordance with (3.88). To keep the battery current iy, constant, the power pg
through the DC/DC converter must also be constant due to the approximately constant battery
voltage uy,,. Therefore, the power p., should be the average of the generated power p, minus
the losses. By filtering the generated power p,. with a low-pass filter with a correspondingly low
cutoff frequency, the average generated power 7. is obtained (see Appendix A.6). The desired
power p. ¢ of the capacitance Cy, can be calculated as

De,ref = Pwe = Pwe — Pesr s (397)

where )
el
Pesr = Regr (Zpg) (398)

is the power dissipated in the equivalent series resistor R.,. With the nonlinear differential
equation
d L De ref

Ug,ref = )
dt Csc Ue ref

(3.99)

the reference voltage u, et over the capacitance Cy. can be calculated. Since the voltage uc yef

must not become zero, a saturation function is added after the integration to keep the reference

voltage within the permissible range from u(rjncin to ugfax. The saturation function f,; is defined

by
Lmin>s X S Lmin
fsat (Tminy Ty Tmax) = { T, Tpin < T < Tpax (3.100)
Tmax; L > Tmax -

A feedforward control is required to control the voltage u,, achieved by adding the voltage g,
to the reference voltage u, ¢, yielding the reference DC link voltage

dc .dc
Upef = Uc,ref T Uesr = Ug ref + Resr Ips - (3101)
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This feedforward control with the voltage u... over the ESR of the supercapacitors enables the
capacitance voltage u, to be controlled and, thus, the stored energy AFE,. in the supercapacitor
bank to be controlled directly.

A restoring current i, is introduced, which should cause the DC link voltage to fluctuate around
its nominal voltage uggm on average. Otherwise, the voltage would drift. If energy is to be stored
in the supercapacitors (py. > Pes) and the DC link voltage is already above the nominal voltage

(U rer > uggm), then the DC/DC converter should increase the power p.,. If energy is required

(Pwe < Pes) and the DC link voltage is below the nominal voltage (uc yer < uggm), then ps should

decrease. Therefore, the restoring current is defined as

dc
_VYreS (uc,ref - unom) )
dc

if Dwe = Des A Ug,ref > Unom

Tpog = de (3.102)
e O DPywe < Pes N Ug ref < Unom
0, otherwise.
Reference voltage calculation

( dc \:
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Figure 3.27: Block diagram of the voltage control loop for power smoothing.

Fig. 3.27 shows the block diagram of the proposed control system. The restoring current is
added to the reference current ig;ref before the integration. This leads to both an integrating
and a filtering behaviour of this restoring term. The crossover frequency of its transfer function

uc,ref(s) Vi
e (3.103)
uc,ref(s) unom(s) s¢
is given by v
e 3.104
Jres 27 Cy ( )
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The crossover frequency is set to one-tenth of the lowest frequency of the waves that can occur,
which is approximately 0.15 Hz.

With the introduced saturation of the voltage u, .t according to 3.100, the reference voltage is
limited to the desired operating range. This ensures that the DC link voltage does not exceed
the limits, even if more energy has to be stored due to very high power peaks. The fast voltage
control loop guarantees that this excessive energy is fed directly into the batteries. Although
this increases the stress on the batteries, it can be tolerated as this only occurs in exceptional
cases. The alternative would be to dissipate it via the braking chopper, but this should be
avoided as it would lead to a loss of efficiency.

Stability Analysis

A stability analysis is carried out in the state-space to prove the nonlinear control system’s
stability. Due to the different structure, the controller design differs substantially from the one
presented in Sec. 3.2. Therefore, the system dynamics are very different, so a separate analysis
is required. The nonlinear dynamics of the system are given by

gu _ L (idc . Z»dc)
dt (¢ Csc wc es
d .dc 1 dc . . dC
ales = 7_7 V fsat ( Umins uc,ref: umax) + Resr te — (uc =+ Resr ZC) + ges ref — Yes
s —_—————
de :udc
=Uref
Vi d . .
ées ref — ?r fbat ( Umin, Uc ;ref umcax> + Resr e — (uc + Resr /LC)
r S————
dec
:u;iecf -
d L | Pwe = Pwe — P d
auc,ref = Cisc =< u::ef = _‘/res (uc,ref - ungm)
::iYCS
d 1 _
dtpwc = Tiwc (pwc - pwc) )
(3.105)

where the state 53; rof 18 introduced for the integral action of the PI-controller.

A linearised small-signal state-space representation must be determined to analyse the stability
of the system. The saturation function f,,; is nonlinear, but since the operation point of the
DC link voltage lies between the limits ufncin and ufrfax, the saturation can be neglected for the
small-signal representation, yielding

d . 1

Ezgsc = 7_7 (V;” (uc,ref ) + fes ref — gsc)
P (3.106)
V.

€es ref — (uc,ref - uc) .

r

Notice that ue, and Rg do not appear in (3.106) as the feedforward control compensates for
them. Only the dissipated power peg, remains in the dynamics of u ¢ in (3.105). It is dissipated
at the equivalent series resistor R, and cannot be utilised.
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Furthermore, in (3.105), the powers are replaced by multiplying their corresponding current and
voltage. It is assumed that the averaged DC link voltage 7% and the operation point u* are
constant and correspond to its nominal value uggm This assumption is reasonable, as the DC
link voltage u® changes only slightly compared to the current i from the WEC, as can be

seen from the results shown below. The nonlinear dynamics of the reference voltage v ,of and
the averaged input current iy, are thus given by

d .d. = .d .dcy2
d _ 1 ungm (ZWCC — ZWC) B Resr(zw% B Zesc) dc
=7 UYc,ref = - V;es Uc ref — Unom
dt Csc U, ref
’ (3.107)
d - 1 .d -
alwc = Tiwc (ZW(E: - ZWC) .

. . . . . . . %
According to (3.59), lincarisation around the operating point @* == (u}, %", SSC rof> U rof s )"

results in the small-signal state-space representation of the DC link control system as

[0 —a 0 0 0 ]
A, _V _1 1 Y 0 Ay,
A’idc Tps Tps Tps  Tps Aidc
e | _|_% 0 0o 0 de.
a A es;ref | — Ty Ty Ages,ref
Aug,ref O 2Resr (g:vcfi(elsc*) O I _ uggm Aug,ref
AZWC Csc u;,ref 44 Csc u:,ref AZWC
—_———
=Aw 0 0 0 0 —>
::Al (3.108)
CSC
0
+ 0 Al
uggm_2 Rcsr (;\tvc_zgs(,:*)
Csc u:,ref
1
TWC
=B
with the output vector
A,
A .dc
Aidc 0 1 0 0O ges 0 4
.dc
Au%SC - Agesc,ref + A’Lwc ) (3109)
1 —Ree 00 0] [ A, Reg:
:Ay =C AEWC
and the coefficient
d —k = -k .d 2
1 ungm (’Lwc - ZWC) - Resr <2WC - zesc*)
Oy = ol N + Vies | - (3.110)
sc (uc,ref )

A linear time-invariant (LTI) system is exponentially stable if and only if its characteristic

145



CHAPTER 3. CONTROL OF THE MODULAR DC GRID

polynomial x 4(s) is a Hurwitz polynomial, which is given here as [84, Sec. 5.4.2]

xa(s) =det(sI — A) = - (14 8Tywe) (ao +sa;+s2ay+sag+ s a4> ’ (3.111)
wC
with
ay = Vrous
Csc Tr Tps
= .d
_ _‘/T 1 2 Resr (Z:vc - Zeg*)
a1 = — oyt
CSC Tps \Tr Ty Uc ref
Vi o Vi 2Ry (e — i) (3.112)
ag = -—+
CocTps  Tps Tps Cic U ref
1
a3 = —— — Qyq
Tps
ay = 1.

The term % (1 + s7ye) can be factored out. It is stable for all 7, > 0 and, therefore, does not
need to be considered for the stability analysis, which reduces the order of the polynomial to
four. According to the Hurwitz criterion, the system is stable if [84, Sec. 5.4.2]

(i) all coefficients a; are positive (i.e. a; > 0 for i € {1,2,...}) and
(ii) all leading principal minors D; of the Hurzwitz matrix are positive.

Due to the redundancy of the Hurwitz criterion and according to the Liénard-Chipart criterion,
for a fourth-order polynomial, it is sufficient to test only the leading principal minors

_D1 = a and
(3.113)
2 2
D3 =ajaya3 —ajay —agaz

for positivity in addition to the coefficients a; [221, Sec. 3.4.5].

Determinate D3 also leads to a fourth-order polynomial in arguments Tocs z‘dg* and u:’ref due
to the squaring of a4y, which is why a numerical approach is chosen to prove the positivity
of different operating points. The physical limitations are considered and used accordingly to
account for the worst case. Fig. 3.28 shows the coefficients ag, a1, ay, a3 and determinant Dj

—* . * dc * dc

over the current iy, and for two different reference voltages g er = Umin and Ug rof = Upax-
Further analyses show that the worst case for stability is when the reference voltage u:’ref is set
to the minimum DC link voltage ufrfin, the current zedsc * flowing into the DC/DC converter is set
to zgf max, and the current 7y, is set to zero. The blue curves in Fig. 3.28 show this case.

Each value is positive at least in the range —40 A <., <700 A. It is physically impossible for
these limits to be exceeded because the generator units cannot produce a current greater than
700 A and only consume a minimum power in standby mode. Hence, the analysed system is

exponentially stable.

Measurement Results

The measurement results of the DC link control were recorded under typical sea conditions.
The measurement results are compared to the simulation results to validate the model. The
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Figure 3.28: Numerical stability analysis of the coefficients ag, a;, ag, as and determinant Dj
. . - . * dc
over the input operational current iy, for two different reference voltages ug yef = tUpin [—] and

* _dc
U ref = Umax [_]

generated current z;iv‘; and the power py,. of the generator units are used as input data for the
simulation.

Fig. 3.29 shows the results, with the input data in blue [—], the measured results in red [—]|,
and the simulation results in yellow [—]. The first subplot shows the relative rod position Ay,
to illustrate the movement of the point absorber. The next subplot shows the measured WEC
current i%¢ and the current i%° that flows into the DC/DC converter. The third subplot shows
the fluctuating DC link voltage u%. The power py. of the generator units and the resulting
smoothed power p., are shown at the bottom.

At the time of the measurement, the wave height was around 1 m. The current peaks in
zﬂv‘;} of the generator units occur when the rod is moving upwards. This is where the most
power is generated, as seen in the last subplot. In general, the shapes of the currents and the
corresponding powers are very similar. This is due to the high capacitance, which leads to a
minimal change in the DC link voltage ut and, therefore, does not significantly influence the
power. Thus, the power is mainly determined by the current. The measured smoothed power p.
fluctuates slightly more than the simulated power. This is mainly due to parameter uncertainties
and noise.

The DC link voltage u% can be reproduced very well by the simulation. The average voltage is
approximately the targeted 350 V, achieved by the restoring current i, as defined in (3.102).
Voltage peaks can also be observed in the DC link voltage, corresponding to the generated
power peaks. Each wave causes a high current flow into the supercapacitor bank, which leads to
a corresponding voltage at the ESR of the capacitors that causes these voltage peaks. Therefore,
its modelling is essential to calculate the reference voltage correctly.

Disregarding these voltage peaks, it can be seen that there are grouped time intervals where
more energy is generated than in others. This results from the tendency of larger waves to
group, which is called wave groupiness [13, Sec. 3.3.4], [262]. This can also be recognised in the
lifting rod movement. Thus, power smoothing must not only smooth the power between two
waves but also over these sets of waves for a longer period.

As seen in the last subplot, the resulting power p. into the energy storage system is well
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Figure 3.29: Comparison of the measured [—| and simulated [—] quantities of the DC link
control, with the rod position h at the top, followed by the current zgvi and the smoothed
current zgsc , the DC link voltage 1% and the power of the generator units p,,. and the smoothed
power p.s. The currents zfi,‘é and the power of the generator units py,. are used as inputs for the
simulation [—].
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smoothed, even over several wave groups. This confirms that the system parameters and the
designed controller are correctly chosen and working well. This guarantees a longer battery
lifetime. Furthermore, the simulation can reproduce the measured quantities well, validating
the model.

3.3.3 Power Smoothing with a Controllable Short-Term Energy Storage Unit

As shown in the previous section, power smoothing is essential for effectively utilising wave
energy. The disadvantage of the previous implementation is that the supercapacitors are con-
nected directly to the DC link and, therefore, could not be utilised optimally. A more efficient
approach is to connect the supercapacitors via the bidirectional DC/DC converter presented in
Sec. 2.3. Specification (S4) stipulates that it should be possible for any ESS to be connected to
the DC/DC converter. This makes the supercapacitor voltage uy, independent of the DC link
voltage, and its capacitance can be better utilised. Moreover, this approach can achieve better
power smoothing as the power flow can be controlled directly.

The developed control strategy is presented using simulations. The measurement results above
are consistent with the simulation results, which validates the model. Consequently, it can be
assumed that the control system developed here will also work in practice.

Fig. 3.30 shows the supercapacitor module, which is in the same aluminium housing as the
other power electronic devices so that it can be directly connected to the DC/DC converter.
This creates a compact, waterproof and robust storage unit that can also be used in a harsh
marine environment (Specification (S1)). It is also possible to connect several supercapacitor
modules in series to the DC/DC converter to increase the power and energy capacity. On the
right side of the figure is an example of a string with two supercapacitor modules.

Supercapacitor modul Connected string

Supercapacitor modules
DC/DC converter
Conneciton cube

Supercapacitor cells

Backplane

Figure 3.30: Photo of the supercapacitor module and the connected string with the DC/DC
converter.

Power smoothing for wave energy converters with supercapacitors and DC/DC converters is also
discussed in the literature. In [241-243], the supercapacitors are connected to the DC link via
a bidirectional DC/DC converter. However, only one DC/DC converter with a supercapacitor
bank is used in all cases. This means that standard voltage control of the DC/DC converter is
sufficient to achieve power smoothing. Due to the modularity required here (Specification (S7)),
connecting several DC/DC converters parallel to the common DC link must be possible.

The challenge of parallel-connected storage units in combination with distributed energy gener-
ation is often discussed for DC microgrid [169, 184]. Batteries are typically used there to ensure
the microgrid’s self-sufficiency. The microgrid should be controlled so that the stored energy is
balanced between the distributed storage units to avoid a deep discharge or overcharging of one
energy storage unit while maintaining the DC link voltage within the specified range. For this
purpose, droop control with virtual resistance is used, as already presented in Sec. 3.1.2.
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Droop control with virtual resistance mimics the behaviour of a real voltage source with an
internal resistance by reducing the controlled output voltage proportionally to the current. Here,
the DC/DC converter controls the DC link voltage ugg. Its output current igg on the DC link side

is fed back via the virtual droop resistor Ry and subtracted from the reference voltage ugg,ref. By
adjusting the droop resistance R4, a compromise can be made between current sharing among
the DC/DC converters and voltage tracking. For Ry=0 €2, it results in classical voltage control
without droop control, achieving good voltage tracking. Increasing the resistance R4 improves
the current sharing between the DC/DC converters and deteriorates the voltage tracking.

In [184], fuzzy logic is used for a microgrid to adjust the virtual resistance to balance the
stored energy and reduce the voltage deviation in the DC link. The fuzzy logic decides on
the switch between different control strategies depending on the DC link voltage. A certain
stationary voltage deviation always remains, as this contains information and is necessary for
the decision-making process. This is implemented as a decentralised solution without the need
for communication.

In [169], a good energy balance is achieved by adapting the virtual resistance through a central
control system via communication. A double-layer hierarchical control strategy was proposed
to manage the SoC of multiple batteries within the system. However, due to the centralised
control, there is a single point of failure, and voltage control is not necessarily guaranteed.

For this case, balancing the stored energy among the supercapacitor modules is also desirable.
When the supercapacitor units must be discharged, the storage unit with the most stored energy
should deliver the most power. The same applies to charging, where the unit with the least energy
should absorb the most. When the energy is balanced, it allows the available capacitance to
be ideally utilised. It also ensures that the same power is available for all DC/DC converters.
The power of the DC/DC converter is limited by the inductance current ¢;, respectively, the
current iy, after the LC filter which flows into the supercapacitor unit. This means that the
available power of the DC/DC converter depends mainly on the supercapacitor voltage ug.,
i.e. the SoE. If the SoE is always kept at a medium level, this also ensures that the DC/DC
converters can absorb and deliver sufficient power.

The primary source of information should be the DC link voltage, which eliminates the necessity
of a communication connection. Thus, a decentralised control approach can be pursued, and the
system’s modularity can be retained (Specification (S7)). Another complication is that a highly
dynamic behaviour is required for power smoothing. To fulfil these requirements, a control
strategy is designed that uses both droop methods, droop control with virtual resistance and
droop control with characteristic droop curve, introduced in Sec. 3.1.2 and Sec. 3.1, respectively.
The analysed system from Sec. 3.2 is extended by the supercapacitor units. These are connected
directly to the WEC modules to position them as close as possible to the generation units. Thus,
the already smoothed power is transmitted via the transmission line so that the power does not
have to oscillate back and forth between the generation units and the grid inverter, minimising
losses. Due to the very short connection between the generating units of the WEC and the
supercapacitor units, the impedance between the modules is neglected. Fig. 3.31 shows the
electrical circuit where the power smoothing units are included.

The droop control implemented for the grid inverters remains the same as discussed in Sec. 3.2,
as does the derating function f,. in (3.10), which reduces the power output of the generating
units in case of overvoltage. If in this configuration, i.e. without the supercapacitor units, the
generated power would fluctuate as shown in the previous section, the power p, fed into the
grid would fluctuate accordingly, given that the number of inverters corresponds to the power
of the generating units. With power smoothing, the number of inverters can be reduced. Then,
the installed inverter power must correspond to the maximum average generated power. With
WECs, the difference between average and peak power is extremely significant, allowing massive
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Figure 3.31: The electrical circuit of the power smoothing system.

material and cost savings. As the above results show, a factor of five or even more is expected.
Assuming the power p, flowing into the grid corresponds to the average generated power. Any
fluctuation in the generated power causes then the DC link voltage to change. The rate of change
in the voltage depends on the DC link capacitances (i, and C,. As those are very small, the
voltage changes quickly. Therefore, to smooth the fluctuating power of the WEC, the DC/DC
converters must control the voltage. Assuming the DC/DC converters could ideally control the
DC link voltage, the fluctuating power of the WEC could be ideally smoothed out, and the
average power generated flows to the inverters. Apart from the power losses, on average, no
current flows into the supercapacitor units. But if, for example, the average generated power
increases, the DC/DC converters compensate for this power difference accordingly due to the
voltage control. This causes the SoE to rise steadily. To get the SoE back to the nominal value,
the power of the grid inverters must be increased. As the inverter power increases linearly with
the voltage according to the droop curve, the DC/DC converters can increase the voltage in the
DC link via their reference voltage ugg,ref, thus increasing the power of the inverters. Hence, no
communication system is required between the DC/DC converters and the grid inverters. The
information can be transmitted solely via the DC link voltage.

Because the DC/DC converters must maintain a specific DC link voltage to control the grid
inverter power, voltage control without control deviation is necessary. For this reason, the droop
control with a characteristic droop curve cannot be implemented in the DC/DC converter, as it
is basically a P-controller where a control deviation remains with this method. Therefore, a PI
controller is implemented to control the DC link voltage.

However, ideal voltage control is impossible as several DC/DC converters must be connected
in parallel. Fig. 3.32 shows the behaviour of two parallel-connected DC/DC converters without
droop control, meaning Ry =0 2. The left-hand column shows the absolute ideal case. In the
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right-hand column, a tiny voltage measurement error was inserted for a DC/DC converter using
an offset of 0.5 V. The subplots in the first row show the generated power p.. [—], the total
power pp,s [——] that flows into the DC/DC converters, and the power p, [—] that flows into the

grid inverter. The subplots in the second row show the DC link voltages ulS [—] and ugc [—]

on the RES side and the grid inverter side, respectively, and the reference voltage uﬂg,mf [---] of
the DC/DC converter. The subplots in the third row show the supercapacitor current iy /o of
both supercapacitor units, and the last subplots show the corresponding SoE /.
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Figure 3.32: Comparison of voltage control with two parallel-connected DC/DC converters
without droop control (Ry =0 ), with the ideal case shown in the left column and the case
with measurement error shown in the right column. In the first two subplots, the quantities of
the RES side are indicated with a blue line [—]|, the grid side with a red line [—], and those
from the power smoothing units with a yellow line [—]. The two lower subplots refer to the two
supercapacitors, with the quantities of the first unit in violet [—] and the second in green [—]|.
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For the simulation, the generated power p,.. of the WEC is approximated with a square wave
signal. The period is set to 5 s, corresponding to a typical sea state. It was further assumed
that the WEC delivers its full power for 2 s. This is significantly more than is generated in
reality but represents a more challenging case for the power smoothing system. For the rest of
the period, it is assumed that the WEC consumes 20 % of the nominal power. This considers
that reactive control is used for optimal control of the WEC (see Sec. 1.2.3).

In the ideal case in the left column, both DC/DC converters behave precisely the same. In the
first 20 s, they ideally compensate for the fluctuation of the generated power p.. and keep the
DC link voltage at its reference value ug;ref. As the inverter power increases with a delay due
to the implemented low-pass filter of the droop controller, the SoE of both supercapacitor units
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increase. At around 21 s, the supercapacitors are fully charged so that the currents iy ; /, must
be reduced accordingly. This causes the DC link voltage to rise as the generated power is not
drawn from either the DC/DC converters or the grid inverters. The voltage rises abruptly so
that the generator units reduce their power following the derating function f,.,. This ensures
that the voltage does not continue to rise and possibly destroy components.

However, the ideal case cannot be assumed. A tiny difference in the measured voltage already
makes the control strategy no longer work. An actual line impedance or a slight measurement
inaccuracy can cause that voltage difference. A measurement inaccuracy of the second DC/DC
converter was simulated here by adding an offset of 0.5 V to the actual DC link voltage. As
a result, the second DC/DC converter [—]| initially draws more current from the DC link
(i >0 A) than the first [—]. Thereby, the voltage controller limits the current to the maximum
current iz, max- When the generated power p,. becomes negative, the current directions of the two
DC/DC converters are even opposite. This means a current flows from the second supercapacitor
into the first, and energy oscillates from cycle to cycle. Consequently, SoE; and SoE, diverge.
By the third pulse, the second supercapacitor is fully charged and can no longer draw current,
which results in the first one having to take over voltage control on its own. However, as its
power alone is insufficient to absorb the totally generated power, the generator units must derate
their power for overvoltage protection.

The oscillating energy and premature derating lead to a massive loss of efficiency. What is
worse, however, is that SoE; /, drift apart and thus ultimately puts a power smoothing unit out
of action. This shows that droop control is essential for power smoothing units connected in
parallel.

Fig. 3.33 shows the simulation results with constant droop resistance R4/, =1 €. As before,
an offset was simulated in the DC link voltage measurement for the second DC/DC converter.
Additionally, SoE; is set to 50 %, and SoE, is set to 75 % to account for different initial
conditions.

Due to the droop resistance Ry, the voltage can no longer be ideally controlled. A static control
deviation remains, which depends on the current igg and droop resistance Ry. Consequently,

every pulse of the generated power p,. is also reflected in the DC link voltages ugg and ugc. As

the grid inverters determine their power p, via the DC link voltage ugc using the droop curve,
the remaining fluctuations must be smoothed using the implemented low-pass filter with time
constant 74 (see Fig. 3.7).

However, despite the simulated measurement inaccuracy, the current sharing among the two
DC/DC converters has improved significantly. The currents always have the same direction
so that there is no more oscillating energy between the two supercapacitors. Since the droop
resistance here is constant and identical for both DC/DC converters, the currents iy /o are
approximately equal. That causes the second supercapacitor to become fully charged earlier,
and the DC/DC converter has to reduce the current accordingly. As a result, the DC link voltage
rises, and the first DC/DC converter tries to compensate for this and increases its current until
it reaches its capacity limit. It seems SoE; and SoE, equalise, but this is only due to the
boundary. They drift apart as soon as the grid inverters feed more current into the grid, and
the supercapacitors are discharged again.

To balance the stored energy among the supercapacitor modules, adjusting the droop resis-
tance R4 as a function of SoE is necessary. Fig. 3.34 shows the block diagram of the imple-
mented control system for power smoothing with adaptive droop resistance. The virtual droop
resistance Ry ; for the power smoothing unit 7 is calculated with

Ra; = Fa (Bsmins Ranom + ign (155,:) Ruoe (S0E; — S0F) , Ry max) (3.114)
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Figure 3.33: Simulation results with constant droop resistance Rq1/o =1 €. In the first two
subplots, the quantities of the RES side are indicated with a blue line [—], the grid side with a
red line [—], and those from the power smoothing units with a yellow line [—]. The two lower
subplots refer to the two supercapacitors, with the quantities of the first unit in violet [—] and
the second in green [—].

where the sign function and the saturation function f,,; according to (3.100) are used. The
saturation ensures that the droop resistance remains within the minimum and maximum resis-
tances Ry min and Rq max and does not become negative.

This relationship ensures that the supercapacitor unit with the lowest SoE draws the most power
from the DC link when required and delivers the least power when discharging is needed. If the
SoE; corresponds to the overall average value given by

Z SoE; , (3.115)

Psil

where N, is the number of power smoothing units, the droop resistance Ry ; corresponds to its
nominal value Ry 0. For example, if SoE; is below the average SoE (SoE; —SoE <0), this unit
should reduce the droop resistance when charging, i.e. when sz ; > 0 A, to draw more current
than the others. The resistance should be increased accordingly when discharging is required.

The average state of energy SoE is also used in the red box of Fig. 3.34 to control the reference
DC link voltage ugg’ref and, thus, the power p, of the grid inverters. If SoE exceeds the reference
value SoE,.s = 0.5, the DC link voltage should be increased to increase the grid inverters’
power. A PI controller is also used for this purpose. The controller parameters were determined
empirically based on the Ziegler-Nichols method (see [95, Sec. 9.4]) and improved through trial
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Figure 3.34: Block diagram of the droop control with virtual resistance Ry for the DC/DC
converter with connected supercapacitor module and the SoE controller, which generates the
reference voltage u;‘;’,ref.

and error. An additional low-pass filter with a time constant 7, was implemented to dampen
the natural fluctuation of SoE. Like all other parts in Fig. 3.34, the SoE controller can be
implemented decentrally on each DC/DC converter. It is only required that each DC/DC
converter is aware of SoE.

The average state of energy SoE is an important quantity in this system. Therefore, it must
be available for every power smoothing unit. In this context, the need for a communication
system becomes apparent, which is at the expense of the flexibility and reliability of the system.
However, it only needs to be known to the DC/DC converters, not the grid inverters. The
information, therefore, does not have to be transmitted over a long distance alongside the trans-
mission line, which would be much more prone to errors. Moreover, the loss of information is
not critical for the system. If the communication link fails, the worst-case scenario is described
in Fig. 3.33. The DC/DC converters can detect the loss of communication and react accord-
ingly, for example, by assuming an average state of energy SoE of 0.5. This causes all SoE; to
converge to the assumed value. However, this means that voltage control and, thus, reference
power control of the grid inverters no longer optimally work. It can, therefore, result in the
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generating units having to derate their power, which leads to energy losses and a reduction in
overall efficiency. However, this should only be the case temporarily until the problem has been
resolved.

Communication with the devices must generally be available for data analyses, software updates,
and system monitoring. This can also be used to optimise the control system. A communication
system can be tolerated if the messages do not have to be transmitted quickly and in real-time
and if a failure does not become system-critical, as is the case here.

Nevertheless, so-called consensus algorithms [263] can be implemented to increase the system’s
robustness. Consensus algorithms aim to agree on a certain value within a group of agents
by exchanging information via a communication system. It can be shown that there needs to
be only one communication link to the respective neighbours of an agent to achieve a global
consensus [263]. This means it is tolerable for a communication link between two agents to fail
if at least one link remains. This prevents the entire system from reaching a standstill due to
a single fault. Consensus algorithms for determining the average value of distributed states are
presented in [264] and [265].

Fig. 3.35 shows the simulation results with adaptive droop resistance R4y and SoE control. The
parameters used are listed in Tab. 3.2. The subplots are arranged as before, including an
additional subplot at the bottom showing the two droop resistances Rq; and Rgo. To illustrate

the functional capability of the adaptive droop control, the initial values of SoE; [—] and
SoEy [—] are set to 100 % and 0 %, respectively.
During the first four pulses of generated power p.., the second power smoothing unit [—] draws

the maximum possible power during the charging process (pe. > p,) to rapidly increase the
SoE,. As the second power smoothing unit initially has an SoE, of 0 %, its power is minimal,
which means that the generated power p,. exceeds the available power of the DC/DC converters.
Hence, the generating units must derate their power due to the resulting overvoltage. When
discharging (pe. < pg), the second unit delivers no power, and the current iy, o remains nearly
zero so that the SoE, remains constant. The discharging power is provided entirely by the first
power smoothing unit [—].

From the second pulse onwards, the first power smoothing unit can absorb power again, as
the SoE, has dropped after the first discharge. However, due to the large divergence between
SoE; and SoE,, the charging current iy ; is limited through the droop resistance R4 ;. During
these first four pulses, the droop resistances alternate between the maximum and minimum
resistance Ry max and Ry i, due to the introduced dependence on the sign of the current zg;i.
This results in the more fully charged supercapacitor being prioritised when discharging and
the less charged supercapacitor being prioritised when charging, leading to the convergence of
both states of energy after around 20 s. After that, both droop resistances Rq ;/; remain at the
nominal resistance Rq nom, ensuring ideal current sharing and identical behaviour of the power
smoothing units.

The final simulation results of the proposed power smoothing control are shown in Fig. 3.36,
where five parallel-connected power smoothing units are implemented. The scenario is selected
as before, but the generated power p,. is increased and the number N, of grid inverters is set
to five to match with the five power smoothing units. It is a coincidence that the number of
inverters and power smoothing units are the same. Generally, the installed power of the grid
inverters must match the generated average power. The power of the power smoothing units
must match the generated peak power minus the generated average power.

The initial values of SoE; are set to 0 %, 25 %, 50 %, 75 %, and 100 %, respectively, to illustrate
their convergence as before. The behaviour is similar to the previous simulation, with two
power smoothing units. The supercapacitors whose SoE is above average are prioritised when
discharging, and the less charged supercapacitors are prioritised when charging.
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Figure 3.35: Simulation results with adaptive droop resistance Rq and SoE control. In the first
two subplots, the quantities of the RES side are indicated with a blue line [—], the grid side
with a red line [—], and those from the power smoothing units with a yellow line [—]. The
three lower subplots refer to the two supercapacitors, with the quantities of the first unit in
violet [—] and the second in green [—|.

This results in the more fully charged supercapacitor being prioritised when discharging and
the less charged supercapacitor being prioritised when charging. The further they deviate from
the average, the more they are prioritised accordingly. This leads again to a convergence of all
states of energy SoE; at around 20 s. After that, all droop resistances Rq; retain the nominal
resistance Ry yom, and the behaviour of the power smoothing units are again identical.

Due to the large amount of data, only the first 50 s of the transient response are shown. Never-
theless, this is also the more interesting part, as the states of energy SoE; converge here. After
this, all five power smoothing units behave identically again, and the transient process continues
similarly to that shown in Fig. 3.35.

This result shows that the proposed control algorithm works excellently with several power
smoothing units and grid inverters connected in parallel. Thus, the modularity and flexibility
of the overall system are guaranteed.
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Figure 3.36: Simulation results of the proposed power smoothing control with five power smooth-
ing units. In the first two subplots, the quantities of the RES side are indicated with a blue
line [—], the grid side with a red line [—]|, and those from the power smoothing units with
a yellow line [—]. The three lower subplots refer to the five supercapacitors units with in-
dex i€ {1,2,...,5}.
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Table 3.2: Control parameters of the power smoothing system associated with the simulation
results shown in Fig. 3.35.

Unit Name Parameter Value
Number of grid inverter N, 2
RMS grid voltage Uy 230 V
Nominal induction current iffnom 10.3 A
Supply voltage 1 u;iﬁ (Y
Grid inverter Supply voltage 2 u(si,% 780 V
Feed-in voltage 1 'U/?'(i 800 V
Feed-in voltage 2 u(f{cg 810 V
Droop gain Ky (1o v)~!
Low-pass filter time constant Tq 159.2 s
Number of generating units Nee 8
Renewable energy sources Derating voltage 1 uﬂj 850 V
Derating voltage 2 USCQ 830 V
Grid-side capacitance G 1.62 mF
RES-side capacitance Cie 8.1 mF
DC link Transmission line length h 1000 m
Transmission line resistance R, 0.51 ©
Specific transmission line inductance L 1 'L;H—H
Number of power smoothing units Nps 2
Supercapacitor capacitance Cye 1.25 F
Power smoothing unit Supercapacitor ESR R, 1.32 Q
Maximum supercapacitor voltage Use max 528 V
Minimum supercapacitor voltage Use,min 200 V
Usable supercapacitor energy AFesnom  41.5 Wh
Proportional gain kp s 100 V
SoE controller Integral gain E; 5 0.2 %
Low-pass filter time constant Ts 1.59 s
Proportional gain kpu 28.4 %
Voltage controller Integral gain Ky 0.57 %
Maximum supercapacitor current lsc,max 36 A
Current control time constant Te 0.14 ms
Nominal droop resistance R4 nom 1Q
Droop resistance Minimum droop resistance R4 min 0.1 Q
Maximum droop resistance Ry max 10
SoE droop resistance gain Ryoe 70 Q
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Chapter 4

Conclusion and Outlook

This thesis presented a complete power electronics system consisting of three power electronic
devices, including all control strategies necessary for the grid connection of renewable energy
sources, particularly a novel wave energy converter (WEC). The challenge was to create a stable
system with these devices that could smooth the naturally fluctuating power of the WEC while
maintaining a high degree of efficiency, modularity, and flexibility to achieve economies of scale
more quickly.

A dynamic state-space model was introduced for all three power electronic devices, namely the
DC/DC converter, the motor drive and the grid inverter. Based on these models, controllers
were designed and implemented on a microcontroller and tested on industrial and commercially
available hardware. The motor drive with the specially developed electrical machine constitutes
the main component of the bidirectional direct drive power take-off (PTO) system of the WEC.
The PTO system must be as efficient as possible. Any efficiency reduction in the PTO system
disproportionately affects the overall efficiency of the WEC. To achieve maximum efficiency, a
generic experimental identification method has been developed to determine the optimal current
vectors leading to minimum losses and maximum efficiency, including iron and inverter losses.
The grid inverter is the interface to the public grid and must fulfil correspondingly high require-
ments, such as grid codes or electromagnetic compatibility (EMC). Another requirement was
that the inverter had to match the high modularity of the overall system. It should, therefore, be
possible to increase the installed power as required. A new topology has been developed to fulfil
these requirements, allowing several grid inverters to be connected fully in parallel. This means
they can be simultaneously connected on both the AC and DC sides. This unique feature offers
exceptional modularity, redundancy, expandability and reliability for the overall system. The
topology was explained in detail, and a corresponding model in the state-space representation
was introduced. A PI state feedback controller was designed and tested to optimise the control
and efficiency of the grid inverters.

The parallel connection of the grid inverters requires a control strategy that distributes the cur-
rent evenly across all inverters and prevents circulating currents. A droop control was developed
to ensure that these requirements are met. The general functioning of the control system was
explained, and a stability analysis was carried out to confirm a stable operation. A parameter
analysis was also conducted to determine optimisation potential and system limits.

Due to the natural movement of the waves, the WEC generates fluctuating power, which must
first be smoothed before it can be fed into the grid. For this reason, a supercapacitor unit was
integrated into the system. The supercapacitor unit was initially integrated passively into the
DC link for the experimental test with the full-sized prototype of a WEC module. This allowed
the system to be tested under typical sea conditions and the model to be validated.

Based on this, a power smoothing control was developed, in which the supercapacitors are
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connected to the DC link via the bidirectional DC/DC converter. This approach can achieve
better power smoothing as the power flow can be controlled directly. A new droop control was
proposed that enables optimum power smoothing, simultaneously ensuring energy balancing and
avoiding energy oscillations among the distributed short-term storage units.

Future work should aim at validating and testing the proposed control strategies for power
smoothing first at an experimental setup and then on an actual prototype of a WEC. Reactive
control of the WEC should also be implemented on the generator units to maximise efficiency.
This poses the challenge of working for natural irregular waves that are difficult to predict.
Despite the extensive literature, there is still a need for research and optimisation regarding its
implementation for an industrial system.

The experiments should provide a more detailed assessment of the actual requirements of the
power smoothing system to further improve it and optimise its efficiency. For instance, the
reference value of the supercapacitor’s SoE can be set to higher values, which reduces the super-
capacitor current and minimises losses. However, this is only possible if the currently prevailing
sea state is considered, as sufficient capacity must still be reserved for power peaks. Further-
more, the SoE should also be varied to compensate for power fluctuations with more extended
periods, such as those caused by wave groupiness, as discussed in Sec. 3.3.2. Information on the
actual sea state must also be included here. The WEC control and the power smoothing system
are thus further interlinked, which leads to interesting control engineering challenges.

Since developing this power electronics system, semiconductor devices have been further im-
proved. New SiC-MOSFETs that have even higher voltage strength are now available. This
allows a higher DC link voltage to be applied. The low voltage directive covers devices with a
DC voltage of up to 1500 V [266], which can be fully utilised with the newer SiC-MOSFETs. This
would make some aspects more complicated, such as the construction of the electrical machine
and the design of the circuit boards. Still, it would have many more advantages that outweigh
the disadvantages. Transmission line losses would be drastically reduced, allowing much greater
distances to be bridged. The generating units, i.e. the electric machine and PV strings, could
provide more voltage, increasing power and efficiency. The grid inverters could also be connected
to AC grids with a higher RMS voltage, e.g. 800 V grids, which would also significantly increase
their power. An increased DC link voltage could also help to counteract the problem of low
inertia in the public grid, as described in Sec. 3.1.1. For this purpose, it would be advantageous
to couple the droop controllers on the AC and DC sides (see Appendix A.7).
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Appendix A

Formulary and Calculations

This chapter lists some formulae and presents some detailed calculations that are necessary
within the scope of this thesis.

A.1 Clarke Transformation

The (a,b,c)-reference frame and the rotating («,3,7y)-reference frame, can be transformed into
each other by means of the Clarke transformation matrices [84, Sec. 14.2.4], [85]

1 -1 _1 2 0 V2
2 2 2k 3
~1

T,=r|0 ¥ 3| and T, =13 &% 21 (A1)

4 1 1 1 1 V2

V2 V2 2 3 T3 3

whereby the relationship

29 =T, 2% and 2% =1, 2 (A.2)

applies. Thereby,  is the scaling factor. In this thesis, an amplitude-correct transformation
with k=2 is consequently chosen, which yields

3

2 1 _1 1 o -+

’ 13 ? 1 1 V3 \?
T.= 1|0 7B 5 and T, = |—35 5 W) (A.3)

V2 V2 V2 _1 _v3 1

3 3 3 2 2 2

Only for symmetrical systems with

"+ a2’ +ac =0, (A.4)
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the amplitude-correct transformation yields

Note that the geometrical length of the vector is given by

oo = 2 e =P 2|

The electrical power is given by

abc abc
X X

. (A.6)

= (@) (z) Tt (A7)

A coefficient k= \/g gives a power-correct transformation for generic systems, with

b
@l = =]

IE: and  pg = (u™) "7 = (u*) T (A.8)

A.2 Park Transformation

The fixed (o, 3,7)-reference frame and the rotating (d,q,y)-reference frame, can be transformed
into each other by means of the Park transformation matrices [84, Sec. 14.3.2]

cos(¢p,) —sin(p,) 0 cos(¢,)  sin(¢,) 0
Tp(¢p) = sin(qﬁp) cos(qbp) 0 and Tgl(qﬁp) = —sin(qSP) cos(¢p) ol , (A.9)
0 0 1 0 0 1

whereby the relationship
P = T, 24 and 2% = Tp_1 P (A.10)

applies. The transformation angle ¢, is usually the angle between the a- and d-axis and time
variant with

d
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A.3. TRANSFORMATION OF THE GRID INVERTER DYNAMICS

The time derivative of the transformation matrices results in

dr

d, 1 1
T b =wpJoT, and —T, =-—w,JyT, ", (A.12)

dt

whereby the matrix Jj is given as

0 -1 0
Jy=11 0 0f. (A.13)
0O 0 O
Furthermore, the identities
T (d1 + ¢2) = Ty (1) Tp(92) (A.14)
Tp_1(¢p) = T]:;r((bp) = Tp(_¢p) ) (A15)
and
JoT, =T, Jy (A.16)

hold. The electrical power in the («,f3,7)-reference frame and the rotating (d,q,y)-reference
frame remain equal with

2
=503 ag\T apy _ 3 ([ dgv\| dav
Dol = f(u ) ) —§<u ) A (A.17)
regardless of the scaling factor x of the Clarke transformation.

The simplified Park transformation can be used for systems without a y-component, e.g., for
star-connected electrical machines. Thereby, only the upper left (2 x2)-submatrices of T},, T}, !
and Jj for the («,f3)-reference frame and (d,q)-reference frame are applied, which yields

cos(¢y) —sin(gy) cos(¢p) sinwp)]
sin(¢,)  cos(¢p) —sin(¢,) cos(¢p)]

J =T, (g) = F _01] . (A.19)

T;(¢p) = l ] ) (T;)_l <¢p) = l (A‘18)

and

A.3 Transformation of the Grid Inverter Dynamics

The dynamics of the grid inverter in the (a,b,c)-reference frame are defined in (2.117). The trans-
formation into the rotating (d,q,y)-reference frame is shown using the example of the inductance
current 'L'fbc, which is given by

d -abc 1 abc -abC -abC aoc
&zlb = I [ufb — (Re+R.) zlb + R, ng —ucg} : (A.20)

Applying the Clarke transformation (see Appendix A.1) leads to

d /1. R 1. 1. —1
&(TC zf‘m) =1 {TC u?m — (R¢+R,) T, zlaﬂv + R, T. zgm — T, u?fﬂq . (A.21)
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Multiplying the equation with the matrix T, from left leads to

d (1, d - =y 1, _
T (Th67) = Zit™ = T.I (T g™ = (Ret Be) T4 + R i — 1 |
1 . :
=L [t = (Ret Re) 777 + R ig™ — uf”
(A.22)

The next step is to apply the Park transformation to the time derivative of the inductance
current ilaﬁ 7 which yields

at ! :E P4

d .d d 4
= (dtTp) @lq’y +Tp (dt’llq/y)

.d d 4
= wg JO Tp 7’1 v +Tp (dtzl q7>

d
= Tp (wg JO z-fiq’y + dtiflq’y)

d j087 d (T idqv)

(A.23)

Thereby, the product rule for derivatives was applied. The derivation of the Park transformation
causes the typical cross-couplings in the (d,q,y)-reference frame. Inserting this result in the
previous equation and multiplying it with the inverse Park transformation matrix T}, U from left
leads to

d .4 111 ap 0 o 8 .d
azlw =T, I [u? T—(Re+R) 477 + Reig” ! — ugg 7} —wg Joi

1

-1 d .d .d d .d

=T, I [Tpuqu — (R¢+R.) Tpi " + R, Tyig" — Tpucgv} —wg Ly Jyip ™" (A.24)
1

d .d .d d
— ff [ufm — (Re+R. +wy Le Jy) 4 7+ R, zg‘” — ucgw]

Likewise, the other differential equations for u’f° and igbc are transformed, yielding the dynamics
in the (d,q,v)-reference frame in (2.118).

A.4 Calculation of the Transfer Function from the State Space

Given is the generic system

gx:Am+Bu+Ed
¢ (A.25)

y=Cx+Du,

with
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A.4. CALCULATION OF THE TRANSFER FUNCTION FROM THE STATE SPACE

state vector x € R" ,

input vector u € R"™ |

disturbance vector d € RP ,

output vector y € R",
system matrix A € R™*" |
input matrix B e R™"™ |
disturbance matrix E € R™? |

output matrix C € R™" | and

feedthrough matrix D € R™"™ .

Applying the Laplace transformation to the state vector gives [93, Sec 3.5.4]

T sx(s) —x(0) . (A.26)

With x(0) = 0, the equation of states in the frequency domain results in [93, Sec 12.2.3]

sx(s) = Ax(s)+ Bu(s)+ Ed(s) }
(A.27)
y(s) = Cx(s) + Dul(s).
Solving the first equation for x, yields
x(s) = (sI — A) " (Bu(s) + Ed(s)) . (A.28)

The inverse of the matrix (s I — A) is the adjugate matrix adj(s I — A) divided by its determi-
nant det (s I — A). The adjugate matrix of a square matrix X € R"*" is the transposed cofactor
matrix C, , which is given by [267, Sec. 4.2]

_ T
+myy —Mya (=D 1m1n
n
adi(X) = T = —Mma1 +Ma2 e (=1) ma,
_(_1)7171 Mp1 (_1)TL Mp2 (_1)n71 My
(A.29)
[ +myy —May (‘Unil My |
n
_ —Mmqo +mag (—=1)" My
_(_1)7171 Min (_1)71 Mop - (_1)7171 My

There, m,; is the determinant of the (n — 1) x (n — 1) submatrix of X, with row 7 and the
column j removed. Note the transposition of the cofactor matrix, which can easily be missed.

Inserting this into the Laplace transformation of the output equation, results in

y(s) = [C(s1—4)" B+ D| u(s) + C(sI-A) 'Ed(s)
~ Cadj(sI —A)B+det(sI - A)D Cadj(sI — AE d (A.30)
N det (sI — A) u(s) det (s I — A) ()
=G (s) =Gy(s)
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where G, (s) are the transfer functions from the input vector u(s) to output vector y(s), and
G4(s) are the transfer functions from the disturbance vector d(s) to output vector y(s).

The denominator polynomial of both transfer functions is defined by the determinant of (s I —A).
This means that the characteristic polynomial x 4(s) can also be given as

Xa(s)=det(sI—A). (A.31)

Thereby, the zeros of the polynomial are the poles of the system, which can be used to analyse
the stability of the system. If all poles are in the left s-half plane, the system is stable. If the
calculation of the zeros of x 4(s) is too complex, the polynomial can also be examined with the
help of the Hurwitz criteria. A linear time-invariant (LTI) system is exponentially stable if and
only if its characteristic polynomial x 4(s) is a Hurwitz polynomial (see [84, Sec. 5.4.2] and [221,
Sec. 3.4.5]).

A.5 Root Locus

The root locus method was invented by Walter R. Evans in 1948 [268]. It is a graphical method
to examine the locations of the poles or roots of a closed-loop transfer function for different
controller gains k. In addition to stability, this also allows the dynamic behaviour of a system
to be assessed.

Yref Yy

Figure A.1: Block diagram of a closed-loop system.
Fig. A.1 shows the block diagram of a closed-loop system. The open-loop transfer function F(s)

is the combination of the controller k£ and the plant G(s) with

N(s)
D(s) "

o(s) =kG(s) = (A.32)
where N(s) is the numerator and D(s) is the denominator of G(s). In the classical root locus
method, only the influence of the variation in the proportional part of the controller is considered.
Thus, only a P controller with gain k is considered. The dynamic parts of a controller can be
included in G(s). The transfer function F(s) of the closed-loop system can be given by

_oyls) o Fo(s) 1 _ kN(s)
Pl = e "1+ A6 11 R DE kN (A53)
With the characteristic equation
Xai(s) = 1+ Fy(s) = D(s) + k N(s) = 0 (A.34)

of the closed-loop transfer function F(s), its poles (roots) can be calculated. The root locus
plot is obtained by drawing the poles for each k in the complex s-plane. Thereby, the curves
start at the poles of the open-loop transfer function F,(s) for & = 0 and end in its zeros for
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k — oo. In the figures, the open-loop poles are marked with a cross [X] and the zeros with a
circle [O] (i.e., X—0). Since for causal systems the number of poles must be greater than or
equal to the number of zeros, the curves that do not end in a zero go to infinity for k — oo.

Simulation software such as MATLAB provides functions to plot the root locus for a given transfer

function. However, sometimes it is more interesting to analyse the system behaviour when

varying a parameter other than the controller gain. For example, a system with the transfer
function )

H(s) = b0+bls+2b25 i

l4+7s+ays" +ags

(A.35)

should be examined for the variation of 7. Since the MATLAB function rlocus assumes an open-
loop transfer function F,(s) and returns the pole locations of the closed-loop system with varying
controller gains k [222], a standard transfer function like H(s) cannot be analysed directly with
this function.

Considering the characteristic equation of the transfer function H(s) with
1+7s+ags’+ags =0, (A.36)
it can be reformulated in the known form of (A.34), which gives

1—|—a232+a383+7's:0

1+ays® +ags s
2 37 2 53 =0
1+ays” +ags 1+ays” +ags (A.37)
1+7 > =0.

1+a252+a383

=H'(s)

Rearranging the characteristic equation leads to the known form for closed-loop system and the
new transfer function H'(s). The zeros of the characteristic equation are not affected by this
conversion, which is why the function rlocus with the argument H '(s) can be used to investigate
the influence of 7 on the original transfer function H(s) [93, Sec. 6.4.4].

It should be noted that a standard transfer function was considered here, not a control loop.
If the influence of a parameter on a control loop needs to be analysed, the closed-loop transfer
function Fi(s) needs to be calculated and used for this method.

Often it is the case that more coefficients depend on a specific physical parameter. In this case,
the root locus can be created numerically by varying the parameter and calculating the poles of
the transfer function.

A.6 First-Order Low-Pass Filter

A low-pass filter is often required in power electronics, which is why its implementation is briefly
presented here. The transfer function of a first-order low-pass filter (PT1 element) is given by

yis) _ K
u(s) 1+s7’

(A.38)
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where K is the filter gain, and 7 is the filter time constant. Note that 7 is used, and not T, as
T could be confused with an inverse frequency % Here,

1 1
T = ? and T = 5 (A39)
are generally used. The cutoff frequency f, of the filter at which the magnitude has dropped by
3 dB is given by

w 1
— e _ . A4
Je 2r  27wT (A.40)
The step response y,(t) of the low-pass filter is an e-function of the form
t
yo(t) = K (1—¢77). (A.41)

After the time 7, the output y has reached about 63.2 % of the final value. After 57, the output
is about 99.3 % of the final value, and the filter is considered steady.

y <

Figure A.2: Signal flow diagram of a first-order low-pass filter in two different representations.

Fig. A.2 shows the signal flow diagram of a first-order low-pass filter in two different repre-
sentations. The left representation is the combined representation with a single block, and on
the right is the equivalent representation with an integrator. It can be derived by applying the
Laplace transformation to (A.38), which yields

d
y(s) (1 +s7) = Ku(s) o y—l—T&y:Ku. (A.42)
This gives the differential equation of the first-order low-pass filter with

a1
py=v=_(Ku-y). (A.43)
T

It can be implemented by means of the rectangular rule, which yields

gk =~ (K ulk] - ylk — 1])
T (A.44)

ylk] = ylk — 1] + T gk,

where k € N denotes the discrete-time index and T is the sampling time. With this two-line
implementation, an approximation to the time derivative ¢ of the output y is available. If this
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is not necessary, the filter can also be implemented in one line, resulting in
15
ylk] =ylk — 1] + = (Kulk] —ylk - 1]) . (A.45)

It is important to note that the cutoff frequency f. must not be set too close to the sampling
frequency

fo=—. (A.46)

Otherwise, quantisation errors occur, and the step response shows overshoots. This is actually
not possible with a first-order transfer function and should therefore be avoided to prevent
undesired behaviour. A tenfold distance with

1
should be maintained. If this is not possible, an infinite impulse response (IIR) structure with
another discretisation method such as Tustin’s method must be used.

A popular alternative is the moving average filter because it is more tangible and easier to
understand. The moving average filter is given by

1 N-1 . 1
N 2 ulk —i] = N(U[k?]+U[k‘*1]+...+u[k‘*N+1]) , (A.48)

ylk] =

where NN is the number of elements over which the average is taken. This also means that N
elements have to be stored.

It can be shown that the moving average is almost identical to a first-order filter. Making the
reasonable assumption that the oldest input value u[k — N] is approximately the last average
value y[k — 1], meaning u[k — N| ~ y[k — 1]. Therefore, adding u[k — N] —y[k — 1] ~ 0 to (A.48)
does not change the equation and it results in

1 = 1
ylk] = & 2 ulk — ] + & (ulk — N] —y[k —1])
=0 ~0
- %u[k] + % (ulk = 1] +ulk =2 + ...+ u[k — N + 1] + ulk — N]) —%y[k ~1 (A49)
=ylk—1]
= ylk 1]+  (ulk] — gk~ 1])

This is identical to the implementation of the first-order low-pass filter in (A.45), with

-
N = —. A.
- (A.50)

S

If saving the N elements is only a means to an end, the more straightforward implementation
of the low-pass filter can save memory and computing time.

To further reduce the quantisation error, it is advantageous to slightly rearrange the equation
to

oIk = 5 (Nl = 1]+ ulk] — ylk — 1) (A51)

If the filter is to be implemented on a microcontroller without a floating point arithmetic and
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only integers must be used, it is beneficial to choose the filter time as a power of two with

-

N = _— =2" A.52

TS ? ( )

where ng, € N. This allows the filter to be implemented using the bit-shift operations << and
>> with

xx 2" = << ng, and x /2" = 1 >>ng,, (A.53)

which makes the computation very efficient. It results in

ylk] = ((ylk — 1] << ng) + ulk] —ylk —1]) >> ng, . (A.54)

A.7 Coupling of AC and DC Droop Control Methods

As discussed in Sec. 3.1.1, increasing the DC link voltage would also have advantages in coun-
teracting the emerging problem of low inertia in the public power grid. Various methods, such
as the droop control, are proposed in the literature to solve this problem. The proposed droop
control for the DC grid, which combines the two existing methods of the characteristic droop
curve and the virtual droop resistance, could be extended to the AC grid with additional grid
support character.
The droop gain K, can be adjusted depending on the rate of change of the grid frequency w,,
with

Wy =27 fg . (A.55)

For example, the relation
d 1

&Kd = = (kfwg — Kq) (A.56)

can be introduced, where an additional low-pass filter with time constant 7; is added. The
gain k¢ defines how much the droop gain K4 changes.
When the grid frequency f, drops, insufficient generated power is available, and the current must
be increased to support the grid. According to the relation, the droop gain K4 and, thus, the
current on the grid side increases, when the grid frequency f, drops (wy < 0). Accordingly, the
current is reduced when the grid frequency rises. The immediately required, or excessive energy
can be taken from, or stored into the DC link capacitors. Subsequently, the power smoothing
units can be utilised over a more extended period.
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