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Abstract

In this thesis the suitability of three topologies for DC/DCconverters in a DC wind farm
grid is investigated from an energy efficiency and energy production cost point of view.
The three selected topologies are the fullbridge converter, the single active bridge con-
verter and the series parallel resonant converter. The losses are calculated for all three
topologies as a function of the wind speed considering the losses in the semiconductor
components and in the transformer. To obtain the average losses, the losses for each con-
verter are integrated over the wind distribution for different average wind speeds.

It is found that the resonant converter and the fullbridge converter have the lowest losses of
the three types for the DC wind farm application with about 1.79 - 2.47 % power losses for
the resonant converter and about 1.47 - 2.92 % for the fullbridge converter depending on
the position in the wind turbine grid. The single active bridge converter has considerably
higher losses than the other two topologies with 3.18 - 4.44 %losses. It is shown that the
variable operating conditions create problems for all three converters, and as mentioned
the single active bridge converter is most affected by the wide range of operation condi-
tions. When comparing the resonant converter and the fullbridge converter, the fullbridge
converter has a smaller transformer as well as lower peak current and peak voltage, but
also a higher number of diode modules in the output bridge. Comparing the contribution
to the energy production cost for the converters, the topology with the lowest contribution
varies between the positions in the wind turbine grid. For all positions except position
2b, the resonant converter of the fullbridge converter has the lowest losses. Considering
the resonant capacitor, the higher peak voltage and the variable frequency control for the
resonant converter, the fullbridge converter is here foundto be the most suitable choice
for the wind farm application. A measurement verification isconducted for the fullbridge
converter, and the result found is that the simulated waveforms and the calculated losses
agree with the measured values.

Index Terms: DC/DC converter, loss evaluation, wind energy, hard switching
converters, resonant converters, snubber design and measurements.
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Chapter 1

Introduction

1.1 Problem Background

For utilization of wind energy, an attractive option is to build large offshore wind farms.
The planned offshore wind farms have large power ratings compared to the offshore wind
farms existing today, and there will also be an increasing distance to the shore and to the
point of common coupling, PCC. For all offshore wind farms, cable transmission will be
the only solution [1]. If the transmission distance is long or if the grid to which the farm is
connected to is weak, a high voltage direct current (HVDC) cable transmission could be
an attractive transmission system, instead of using a high voltage AC cable transmission
[1, 2, 3]. In [4] different configurations of electrical systems for large wind farms have
been investigated. From this investigation it is shown thatwind farms with DC-grids is an
interesting option for future wind farms from an energy costpoint of view, providing that
the losses and cost of the DC/DC converters will not be too high.

Assuming that the wind turbines produce a DC voltage as output (after a rectification of
the generator output), they can be connected in different ways to achieve the desired volt-
age level for the HVDC transmission. One possibility is to connect the turbines in parallel,
which can be done in different ways and an example is shown in Fig. 1.1. A suitable num-
ber of turbines are connected in parallel to a DC/DC converter to raise the voltage level.
These groups are then connected in parallel to a DC/DC converter which makes up the
transmission voltage. In these DC-based wind farms, there is a need of DC/DC converters,
both converters for the single turbines and for converters with higher power designed to
handle a group of turbines or a whole wind farm. A key component for the realization of
a DC-based wind farm is the high-power DC/DC converter. ThisDC/DC converter will
have the same function in a DC wind farm as the AC transformer in a traditional AC wind
farm.
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Chapter 1. Introduction
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Fig. 1.1 Possible layout of a DC wind farm with DC/DC converters

1.2 Overview of Previous Work

Different topologies for low power DC/DC converters have been extensively studied in
earlier literature. Recently, also interesting work concerning high power DC/DC convert-
ers has started to emerge. Since there is a general demand forsmaller and less heavy
converters, the switching frequency tends to be higher since that reduce the size of trans-
formers, capacitors and inductors [5]. The resulting increase of the switching losses leads
to a demand for a reduction of these losses by achieving soft switching conditions for the
power devices.

1.2.1 Topologies for DC/DC Converters

The fullbridge (FB) converter, seen in Fig. 1.2, with different control schemes have been
extensively studied in literature. Common for most of the studies is that there has to be
some kind of soft-switching to reduce the switching losses.A common way of achiev-
ing reduced switching losses is to use the phase-shifted pulse-width modulation tech-
nique [6, 7, 8], which requires snubber capacitors connected across the switches as seen
in Fig. 1.2. This will be further investigated in Chapter 3.
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Fig. 1.2 Topology for the FB converter using phase shift control.
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1.2. Overview of Previous Work

The single active bridge (SAB) converter was first presentedin [9] and then further inves-
tigated in [10]. The topology is the same as for the fullbridge converter shown in Fig. 1.2
except for the voltage stiff output instead of the current stiff output for the FB converter.
As a consequence it behaves differently and accordingly it is controlled in a different
way [10]. Soft switching at turn-off is achieved by adding turn-off snubbers across the
switches and turn on occurs at zero current.

Resonant converters are introduced that use a resonant tankto achieve soft-switching [9,
11, 12], which has the advantage of reduced switching lossesbut has to contain a resonant
inductance and resonant capacitance resulting in large circulating currents and high con-
duction losses. The resonant tank consists of inductive andcapacitive components and
is located in between the input bridge and the rectifying output bridge. In addition, the
components in the resonant tank must be rated for high currents and high voltages. There
is no need for snubber capacitors since switching occurs under zero current and/or zero
voltage conditions due to the resonant tank.

1.2.2 Loss Comparison

There are different methods for loss calculations for the different components. The cal-
culation of losses in an inductance is described in [13, 14, 15], the switching losses are
described in [5, 16, 17] and the losses in the transformer aretreated in [18, 19].

There is a number of papers presenting different loss evaluations of soft switched and
hard switched converters. In [20], it is proposed to add capacitor snubbers across the
switches in a traditional H-bridge to reduce the turn-off losses. However, the losses are
not completely removed, but a part of the losses can be moved to external capacitors and
there can also be turn-on losses in the switches due to the discharge of the snubber ca-
pacitors. Many different solutions have been proposed to reduce the losses, and in [20]
it has been shown that the efficiency can be increased from 92 %to 99 % for a 50 kVA
DC/DC converter. In [5], the losses were compared for a 100 kWDC/DC converter for
the hard switched fullbridge converter, the phase shifted fullbridge converter, the series
parallel resonant converter, the dual active bridge and theauxiliary resonant commutated
bridge. It was found that the resonant converter has the lowest efficiency with 94.3 %
while the other topologies had an efficiency around 96 %. The only exception was the
hard-switched fullbridge converter that also had an efficiency of 96 %, however it had a
lower switching frequency, 5 kHz compared to 20 kHz for the other topologies. In [9] the
operation and component stresses are studied for a 7 MW converter comparing the full-
bridge, single active bridge and resonant topologies. However, there is no loss comparison
for these converters.

3



Chapter 1. Introduction

1.3 Purpose of the Report

For the application in a wind farm, there is a lack of information in how the variable low
output DC voltage from the wind turbines can be transformed into a high constant DC
voltage suitable for transmission in an energy efficient way. For this, knowledge is needed
of how high-power DC/DC converters behave in the wide range of operating conditions
that occurs in a DC-based wind farm. Accordingly, the purpose of this report is to in-
vestigate these issues and present key results. One specificgoal is, since the operating
conditions vary strongly, to study the difficulties in operating the DC/DC converters at
high efficiency at all wind speeds, and also to investigate ifthere are any difficulties due
to the high power ratings for the converters. Moreover, an aim here is to find how the
variable voltage from the turbines is transformed to the wind farm output voltage in the
most energy-efficient way and with the lowest possible contribution to the energy pro-
duction cost. Finally, a goal is to verify some of the resultsfrom the simulations using an
experimental setup.

1.4 Layout of the Report

First, there is a general introduction to wind power and offshore wind farms in Chap-
ter 2. The conversion of wind energy into mechanical and electrical energy is described
as well as some introduction to offshore wind farms, the transmission to shore and grid
integration. In Chapter 3, three possible topologies for high power DC/DC converters are
presented along with the components needed to realize theseconverters. In Chapter 4,
the loss calculations are described for the different components in the converter. These
loss calculations are needed to optimize the converters andcompare the efficiencies. In
Chapter 5 the operating conditions for the DC/DC convertersin a DC based wind farm are
lined out using a local wind turbine grid with different control strategies to adjust the volt-
age levels from the varying output voltage from the generator to a constant transmission
voltage. For these obtained operating conditions, converters are designed using the three
described topologies for all positions in the local wind turbine grid. The losses and per-
formance of the three topologies using the different control strategies are compared. From
the losses and the designs of the converters, the contribution to the energy production cost
from each converter is calculated. Finally, in Chapter 6, the results from the experimental
setup verifies the loss calculations for the converters.

4



1.5. Publications

1.5 Publications

The publications originating from this project are:

I L. Max and S. Lundberg, “System efficiency of a DC/DC converter based wind
turbine grid system,” inNordic Wind Power Conference (NWPC) 2006, May., 2006.
The paper has been recommended for consideration for a special issue of the Wind
Energy journal.

II L. Max , “Energy efficiency for DC/DC converters in a DC grid system for wind
farms,” in Nordic Workshop on Power and Industrial Electronics (NORPIE) 2006,
June 2006.

III L. Max and T. Thiringer, “ Snubber and control method selection fora 5 MW wind
turbine single active bridge DC/DC converter”, submitted to 12th European Confer-
ence on Power Electronics and Applications (EPE) 2007.
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Chapter 2

Wind Turbines and Grid Connection

Wind power is an area under rapid development. The installedwind power capacity has
increased significantly during the last ten years [21], and the trend is to install larger wind
turbines and group them together to large wind farms. For these large wind farms that
require a vast area, offshore locations is an interesting option. In this chapter, the basics of
wind energy will be described and also some of the challengeswith offshore wind farms.

2.1 Conversion of Wind Energy

The basic principle for a wind turbine is to convert the energy in the wind into mechanical
power and then into electrical power. The mechanical energyobtained from the wind is a
function of the wind speed as well as the design and control ofthe wind turbine.

2.1.1 Wind Distribution

The most common probability density function to describe the wind speed is the Weibull
function [22], which has the probability function

f(ωw) =
k

c

(ωw

c

)k−1

exp

[

−
(ωw

c

)k
]

. (2.1)

In (2.1),k is a shape parameter,c is a scale parameter andωw is the wind speed. Ifk = 2,
the Weibull distribution is known as the Rayleigh distribution wherec is given by the
average wind speed̄ωw [23] as

c =
2√
π

ω̄w. (2.2)

The probability distribution is then given by the average wind speed [22] as

f(ωw) =
πωw

2ω̄2
w

exp

[

−πω2
w

4ω̄2
w

]

. (2.3)
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Chapter 2. Wind Turbines and Grid Connection

The average wind speed varies between different locations,average values of 7.2 m/s and
5.4 m/s have been measured at two different sites in Sweden [24]. At the wind farm Horns
Rev at the Danish west coast, the average wind speed is 10 m/s [25]. The probability
distributions for these different average wind speeds using the Rayleigh distribution are
shown in Fig. 2.1.
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Fig. 2.1 Probability distribution for the wind speed.

2.1.2 Aerodynamic Conversion

A part of the available power in the wind is then converted to mechanical power by the
rotor blades. The amount of energy converted from energy in the wind to mechanical
energy on the shaft of the generator is given by [22]

Pmech =
1

2
ρairArCP (λtip, β)ω3

w. (2.4)

In the so calledCP (λtip, β)-curve,CP is the power coefficient andβ is the pitch angle.
Further,λtip is the tip speed ratio,ωw is the wind speed,ρair is the air density andAr is
the area swept by the rotor. The tip speed ratioλtip is calculated from the rotor speedΩr,
the radius of the rotorrr and the wind speedω as

λtip =
Ωrrr

ωw

. (2.5)

Since the mechanical power is a function of the tip speed ratio λtip, the speed of the rotor
should be adjusted so the maximum mechanical power is achieved at every wind speed.
However, at high wind speeds it is necessary to limit the power. It can basically be done
in two ways, either by stall control or by pitch control. Withstall control, the blades are
designed to stall at high wind speeds and no pitch control is needed. The second and most
common method used in almost all variable speed wind turbines is pitch control [23].

8



2.2. Wind Turbine Systems

Below rated wind speed the pitch angle maximizes the energy capture, and at higher wind
speeds the mechanical power is reduced by changing the pitchangle. In Fig. 2.2 output
power, voltage and current are shown for an ideal variable speed wind turbine with a syn-
chronous generator.
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Fig. 2.2 Output from the wind turbine rectifier. a) power, b) voltage and c) current.

The output voltage from the turbine can be rectified either using a diode rectifier or an
IGBT rectifier. In Fig. 2.2 the difference in the output voltage for these different rectifiers
is shown. It is seen that when the diode rectifier is used, the output voltage is proportional
to the speed and when the IGBT rectifier is used, the voltage level can be adjusted to
the same voltage for all wind speeds. As long as the wind speedis below the rated wind
speed, the speed of the rotor is adjusted to give the maximum output power. At higher
wind speeds the power should be limited and the speed of the turbine will therefore stay
constant. In reality, the voltage in Fig. 2.2 b) will not always stay constant for wind speeds
higher than 10 m/s, instead the voltage can decrease with increasing wind speed if the
generator has a significant synchronous reactance.

2.2 Wind Turbine Systems

There are different ways to convert the mechanical power from the rotor blades to elec-
trical energy. It could either be done with a fixed speed generator or with a variable speed

9



Chapter 2. Wind Turbines and Grid Connection

generator. Different types of generator systems are described in [3, 23] and will here only
be described briefly. For all systems, the rotational speed of the wind turbine is fairly
slow and a gearbox is therefore needed to adjust it to the electrical frequency. In case of
a synchronous machine it is possible to use a multipole generator and in this way avoid a
gearbox.

2.2.1 Fixed Speed Turbine

The fixed-speed generator in Fig. 2.3 consists of an induction generator (IG) directly con-
nected to the grid. The speed of the turbine is fixed and determined by the grid frequency,
the gearbox and the pole-pair number of the generator. The ”locked” speed operation
makes that it is not possible to store the energy in the turbulence as rotational energy. The
turbulence will then result in power variations leading to mechanical wear and also affect
the power quality of the grid. The fixed speed turbine system often have two fixed speeds,
which can be achieved either with two generators with different ratings and pole pairs or
by a generator with two windings with different ratings and pole pairs.

Gearbox IG Soft

starter

Capacitor bank

Transformer

Fig. 2.3 Fixed speed turbine with an induction generator.

2.2.2 Full Variable Speed Turbine

For the variable speed wind turbine in Fig. 2.4, the rotational speed of the turbine is
controlled by power electronics. The generator could be either a synchronous generator
or an induction generator. If the generator is designed withmultiple poles there is no need
for a gearbox. In the variable speed wind turbine, power fluctuations caused by varying
wind speed can be absorbed by slightly changing the rotor speed.

2.2.3 Variable Speed Turbine with Doubly Fed Induction Generator

The system in Fig. 2.5 consists of a wind turbine with a doublyfed induction generator
(DFIG). In the DFIG, the stator is directly connected to the grid while the rotor is con-
nected to a converter via slip rings. The converter only has to handle 20-30 % of the total
power and the losses in the converter can be reduced comparedto the converter that has

10



2.3. Offshore Wind Farms

to handle the whole power. This system has a sufficient speed range to also smoothen out
incoming wind power variations.

Gearbox G
Power electronic

converter

Transformer

DC

AC

AC

DC

Fig. 2.4 Variable speed turbine with an induction or synchronous generator.

Gearbox DFIG

Power electronic

converter

Transformer

DC

AC

AC

DC

Fig. 2.5 Variable speed turbine with a doubly-fed induction generator (DFIG).

2.3 Offshore Wind Farms

Today, there is a large interest for placing wind turbines offshore in large wind farms.
A large offshore wind farm is more complicated to design thana small onshore wind
farm. Offshore wind turbines require maintenance as well asonshore wind turbines, but
to reach the offshore turbines can be costly and difficult [26, 27]. Moreover, important to
point out is that since the planned wind farms include a largenumber of turbines, they
require a large space and the internal grid in the wind farm needs special attention dur-
ing the design process. For offshore locations, the foundation for each turbine is the only
item that can not be standardized [28]. A common foundation for offshore wind turbines
is the steel monopile foundation [28, 29, 30], but also concrete gravity foundations have
been used with success [29]. The monopile structure is used extensively in the offshore
and nearshore environment for supporting oil and gas platforms and other structures [30].
Other possible solutions for offshore foundations are the tripod and the jacket structures,
which are described in [30].
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There are some different suggestions for layout of offshorewind farms presented in [4].
This include an AC based wind farm as well as two different DC based wind farms. One
of these options is the wind farm that was shown in Fig. 1.1 which has replaced the AC
cables and AC transformers in a traditional AC wind farm withDC cables and DC trans-
formers. Another option presented in [4] is to connect the wind turbines in series until the
transmission voltage has been reached. This will eliminatethe need for DC/DC convert-
ers, but on the other hand the control will be more difficult and every wind turbine has to
be isolated for a high transmission voltage. In [31] a mediumfrequency (500 Hz) wind
turbine grid is proposed using cycloconverters for the turbines. This solution will reduce
the number of series connected IGBTs in the voltage source converter and is also resulting
in lighter transformers (compared to transformers for 50 Hz) since they are operating at
medium frequency.

2.4 Transmission Systems for Offshore Wind Farms

The first offshore wind farm has been in operation since the beginning of the 1990’s. At
that time, the installed capacity was less than 10 MW and the size of the offshore wind
farms have increased since then [1]. However, the offshore wind farms existing today still
have relatively small installed capacity and are placed within a short distance from the
shore [2, 32]. At mid 2005, all existing offshore wind farms are connected by HVAC ca-
bles and only three of them have offshore substations [2, 33]. The wind farm Horns Rev
in Denmark is the first large offshore wind farm constructed in 2002. It has a capacity of
160 MW and is connected to the shore with an approximately 15 km long AC cable [25].
In several countries in Northern Europe offshore wind farmsare planned with power rat-
ing from 100 MW to above 1000 MW [1]. Besides the larger size ofthe offshore wind
farms there will be an increasing distance to the shore and cable transmission will be the
only solution. The transmission distance from the wind farmto the shore together with the
distance on land to reach a suitable interconnection point often end up with a distance of
50 - 100 km [1]. As a result, for offshore wind farms that have long transmission distances
to the grid and often a large installed capacity, the transmission of power and integration
to the grid needs to be considered carefully.

If the offshore wind farm is large and situated at a long distance from the shore, there is
a need for one or several substations for stepping up the voltage to the voltage level for
HVAC transmission or converting the power for HVDC transmission. For the transmission
system for offshore wind farms there are basically two options, either an HVAC cable or
an HVDC cable [1, 2, 3].
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2.4.1 High Voltage AC (HVAC) Transmission

The experience of very long (about 100 km) offshore cable connections using AC cable
are limited [34]. For long transmission distances, the production of large amounts of re-
active power can be considered as the limiting factor for theHVAC cable [2, 33]. The
high capacitance in the AC cables generate a considerable reactive current which reduces
the active current carrying capacity of the cable and requires compensation devices for
large distances [3]. The capacitance in the cable is much higher than the one for an over-
head line and the reactive power is increasing with voltage and transmission capacity, and
therefore there is a limited transmission distance for AC cables [1]. A possible solution
is compensation, for example by several FACTS (Flexible AC Transmission System) de-
vices such as thyristor controlled reactors (TCR) distributed along the cable. However,
in practice the submarine cable for transmission to shore can only be compensated at the
platform for the wind farm and on shore, effectively limiting the possible power trans-
fer for a given cable length. The critical distance for HVAC cables has been found to be
202 km for 400 kV and 370 km for 132 kV [2, 33] for a transferred power of between
500 MW and 1000 MW. The critical length is defined as when half of the reactive current
produced by the cable reaches nominal current at the end of one cable. Further, when the
HVAC cable is used, the AC local wind turbine grid and the maingrid are synchronously
coupled and all faults in either grid can affect the other grid [3].

For the realization of an HVAC transmission system, the needed components are HVAC
submarine transmission cables, offshore transformers, compensation units both onshore
and offshore and onshore transformers depending on the transmission voltage. When cal-
culating the losses of an HVAC transmission system, it has been found that the major part
(above 80 %) of the losses are losses in the cables [2, 33]. Thecost of the substations is
low compared to the HVDC transmission, but the cost for the cables is higher [3].

2.4.2 High Voltage DC (HVDC) Transmission

For HVDC transmission, there are two alternatives, the LineCommutated Converter
based and the Voltage Source Converter (VSC) based HVDC transmission system. Both
the losses and the voltage drop in the HVDC cable is lower thanthe losses in the HVAC
cable and there is no critical cable length except the practical limitations [1, 3]. Further,
HVDC only requires two cables instead of three and the HVDC cables are also smaller in
size and lighter [1].

Line Commutated Converter HVDC System

The line commutated converter HVDC transmission system (also called HVDC classic)
is the traditional HVDC system using thyristor based converters that has been developed
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over 50 years [1]. It is available for power up to 3000 MW [35] and the remaining devel-
opment is to build systems for power above 3000 MW and distances longer than 1500 km
in China [1]. Since the thyristor can not be turned off exceptwhen the current through it
reverses direction, it is called a line commutated converter. To realize this transmission
system, a number of components are needed including the converter based on thyristor
valves. For the line commutated converter HVDC system, the major part of the losses orig-
inate from the converters at both ends of the HVDC cable. The cable itself contribute with
approximately 20 % of the losses for an example with rated power of 500 and 1000 MW
and transmission distances of 100 and 200 km [2, 33]. The linecommutated converter
HVDC system often uses the abbreviation LCC. This is not donein this thesis in order
to avoid confusion sine the abbreviation for the series parallel resonant converter used in
this thesis also is LCC.

Voltage Source Converter (VSC) HVDC System

The VSC HVDC transmission system is a newer technology basedon converters using
IGBT modules. This new technology is manufactured by both ABB where it is called
HVDC LightTM and by Siemens where it is called HVDC PLUS. The first HVDC LightTM

installation made by ABB was the 50 MW and 70 km link on Gotlandin 1999 [1]. An
advantage with the VSC HVDC is its capability to supply and absorb reactive power and
thereby support power system stability [2, 3, 33] and take part in voltage regulation. Also
for the VSC HVDC transmission, the major part of the losses iscaused by the two con-
verters. For the VSC HVDC the high losses in the converters caused by the high switch-
ing losses due to the high switching frequency and the higherconduction losses in the
switches is a clear drawback. The losses in the cables is between 20 and 30 % of the total
losses for example with rated power of 500 and 1000 MW and transmission distances of
100 and 200 km [2, 33]. Presently, the so called HVDC LightTM from ABB is developed
to approximately 550 MW [35], and the HVDC PLUS from Siemens is available with
power rating from 50 MVA to 250 MVA [36].

2.4.3 Comparison Between HVDC and HVAC Transmission

In the comparison between HVAC, HVDC classic and VSC HVDC, ithas been found
in [2, 33] that for very large wind farms (above 200 MW), HVAC has the lowest losses
for distances up to 55-70 km from shore depending on the transmitted power. For longer
transmission distances it has been found that the HVDC classic solution has the lowest
losses. In [3], the losses in HVAC and VSC HVDC transmission systems have been com-
pared for wind farms between 100 and 500 MW and a transmissiondistance of 60 km.
It was found that the VSC HVDC transmission has the highest losses, mainly due to the
high losses in the converters. Also considering the total costs, the VSC HVDC solution
is more expensive than the HVAC solution [3]. In [1] it was found that for an offshore
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application for VSC HVDC with 350 MW transmitted power and 70km sub sea cable
and 30 km land cable, the direct investment cost would be the same for VSC HVDC and
HVAC, which is about 110 - 140 MEuro. Further, it should be noted that the grid rein-
forcement costs may be significant when using HVAC but non-existing when using VSC
HVDC [1]. The competitiveness of the HVDC transmission increases with the size of the
wind farm and the transmission distance. HVDC can be an interesting alternative if the
transmitted power is 200 - 1000 MW, if there is a need for a fastand accurate control and
if the distance is more than 50 km. It can also be an interesting alternative if it is difficult
to obtain permits for OH-lines, if there is a weak AC network and it can also increase
both the long-term and short-term voltage stability [1]. Itshould be kept in mind that
there is also other properties that affect the choice of transmission system, for example
the number of cables required, reliability and integrationinto the onshore power system.
For example, in the HVDC classis transmission the converterstation are much larger than
in VSC HVDC [1, 35] and therefore not suitable for offshore applications where the con-
verter is situated on a platform. Further, the VSC HVDC has the ability to control the
supplied reactive power and can thereby help to control the voltage stability of the net-
work. Another possibility with HVDC connection is to connect a wind farm directly to
an HVDC link used as interconnector between two electrical power systems [32]. This
interconnector is preferably done with an HVDC link which then can be used for two
purposes, both connecting an offshore wind farm and creating a link between two power
systems. A condition for this is that the interconnector crosses a site that is suitable for an
offshore wind farm.

2.5 Connection to the Grid

When the penetration of wind power increases, it can have a substantial impact on the
electric transmission system. This is caused by the remote siting and possible problems
for system security. As a result of the varying output power from wind generation and the
fact that energy cannot be stored in a substantial way, therecould be a need for both long
term and short term power balancing, in addition to the reactive power aspects [3]. The
operational strategy of the power system must consider the level of wind power penetra-
tion. Even the voltage control capability of a network is affected by wind generation since
wind turbines can require a large amount of reactive power and wind power can replace
conventional power plants with excellent voltage control capabilities [3]. The voltage con-
trol can be improved by using a VSC HVDC connection to the windfarm, the reactive
power supplied can then be controlled which supports the voltage at the point of common
coupling [3].
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Chapter 3

DC/DC Converter Topologies for Wind
Farm Applications

There are different ways to realize high power DC/DC converters for the application in
a DC-based wind farm. From literature, three topologies that have been shown to have
good characteristics have been selected. They are the fullbridge converter using phase
shift control [5, 7, 37], the single active bridge converter[9, 10] and the series parallel
resonant converter [38].

In this section, first the transformer and semiconductor components used in the DC/DC
converters will be studied and then the three converter topologies will be described. It
should be stressed that the transformer design is not a full-covering description of this
subject, but instead the background theory for the transformers used in this thesis.

3.1 Components

For the design and loss calculations for the converters, thedesign of the transformer and
the semiconductor switches and diodes must be known. First,the transformer is described,
including the choice of core material, the design process and the cause of the losses in the
transformer. Then the basics of the semiconductor components are described including
the diode and the MOSFET and the IGBT transistors. Finally, the snubber circuits are
introduced that limit the turn-off losses.

3.1.1 Transformer

The transformer is a magnetic component needed in a converter which is often designed
for a specific application and is not commercially availablein a wide range of properties.
In [12, 37], the magnetic properties as well as the design process and considerations for a
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transformer are explained in detail. In this thesis, a basictransformer design is made for
each converter providing data for calculation of the lossesin this component.

Magnetic Materials

The properties of the magnetic core material are important for the performance of the
transformer. For different core materials, the losses are different and may vary differently
with frequency and flux levels. These factors must be carefully considered in the design
of the transformer.

There are mainly two classes of materials used for magnetic cores in transformers [12].
The first class includes alloys of iron and small amounts of other elements like chrome
and silicon. These materials have a large electric conductivity compared to ferrites and
the saturation flux density can be as high as 1.8 T. In the iron alloy materials, there ex-
ist both hysteresis losses and eddy current losses. The presence of eddy current losses
makes the materials suitable for lower frequencies, approximately 2 kHz and below, and
the material must be laminated to reduce eddy current lossesfor frequencies as low as
60 Hz [12]. Cores made from powdered iron or powdered iron alloys have a larger re-
sistivity and a lower eddy current loss than laminated coresand can thereby be used at
higher frequencies. However, the reluctance in these materials is lower than for classical
iron shells. There is also a possibility to use various amorphous alloys of iron and other
metals together with approximately 20 atomic percent of boron, silicon and other glass-
forming elements. These alloys have the trade name METGLAS and have larger electric
resistivity as well as larger saturation inductance at hightemperatures than ferrites. The
second class of materials is ferrites, which is an oxide mixture of iron and other materi-
als [12]. For the ferrites, the electric resistivity is highbut the saturation flux density is
low and the ferrites have only hysteresis loss since the highresistivity reduce the eddy
current loss.

The hysteresis loss is caused by the hysteresis in the B-H characteristics of a magnetic
material [12, 37]. The area inside the B-H curve represents work done to the material by
the applied field which causes heat and a temperature rise in the material. In [12, 39, 40]
the general expression for the core losses in the case of a sinusoidal voltage exciting the
core is

Pcore = K1f
K2

tr (Bmax)
K3Vcore. (3.1)

Here the core lossPcore is a function of the peak value of the ac flux densityBmax and
the switching frequencyftr. Further,K1, K2 andK3 are constants that vary between the
materials andVcore is the volume of the core. However, loss coefficients are often pro-
vided from the manufacturer of the core only for sinusoidal excitation. For non sinusoidal
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excitation, the core losses can be given by

Pcore =
1

τ
K1f

K2−1
eq (Bmax)

K3Vcore (3.2)

assuming no temperature dependence of the core losses [41, 42]. Here,τ is the switching
period andfeq is the equivalent frequency. In the case of a PWM-type DC/DC converter
the equivalent frequency can be calculated with

feq =
2

π2
ftr

1

D(1 − D)
(3.3)

whereD is the duty cycle [41, 42].

Further, it has been shown in [39] that the core losses are lower for a core with square
wave excitation than for a core with sinusoidal excitation,when the peak fluxBmax has
the same value.

Copper Windings

Copper is used for transformer windings because of its high conductivity and that it is
easy to bend to tight windings [12]. The winding lossesPw are given by

Pw = I2

priRpri + I2

secRsec (3.4)

for the primary and secondary windings [41]. The dc-resistanceRpri of the primary wind-
ing andRsec of the secondary winding are given by

Rpri = σ
lw,priNpri

ACu,pri

(3.5)

and

Rsec = σ
lw,secNsec

ACu,sec

. (3.6)

Hereσ is the resistivity of copper,lw,pri and lw,sec the average lengths of winding turn,
ACu,pri andACu,sec the areas of the windings andNpri andNsec the number of turns.
Neglecting any leakage and magnetizing currents, the ratiobetween the primary and the
secondary currents are given by

Isec = Ipri

Npri

Nsec

. (3.7)

Due to the skin effect, the current in a conductor concentrates towards the surface at high
frequencies and the result will be an increase in the currentdensity and thereby also the
effective resistance [12, 18, 37]. If the diameter of the conductor is larger than the skin
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depth, the loss will increase significantly in the conductorat higher frequencies. This in-
crease can be reduced by making the diameter of the conductorless than the skin depth.
Another advantage with a conductor with small diameter is that the eddy current losses
are reduced. However, to only reduce the conductor diameteris not a solution since a
smaller diameter will give higher resistive losses. Connecting several small twisted cables
with diameters significantly smaller than the skin depth in parallel (called Litz wire) will
reduce the resistive losses but not increase the eddy current losses. The small diameter of
the conductors in the Litz wire, also called strands, will result in that the resistance is not
significantly increased at higher frequencies. Also, in a Litz wire, all strands occupy each
position in the cable equally [39].

For the Litz wire, the number of strands multiplied by the conductor areaACu,st for each
strand gives the total copper areaACu for the Litz wire. The total copper area multiplied
by the number of turns will be less than the cross sectional area of the windingAw, and
the resulting ratio is called the copper fill factor which is given by

kCu =
NACu

Aw

. (3.8)

Reasonable values for the copper fill factor is from 0.3 for Litz wire to 0.5-0.6 for round
conductors.

In [40], the power lossPw in a conductor carrying ac currentIrms is calculated as

Pw = Kac

σ · lw,tot

ACu

I2

rms. (3.9)

In (3.9)Kac = Rac

Rdc
is the ac-resistance coefficient which is given by [40, 41]

Kac =
Rac

Rdc

= 0.5y
[

M(y) + (2m − 1)2D(y)
]

(3.10)

where

y = hc/δ (3.11)

is the normalized conductor thickness. For a round conductor hc =
√

π

2
d whered is the

wire diameter andδ = 0.071√
ftr

whereftr is the frequency. For a foil conductor,hc is the
conductor thickness andδ is the skin depth at 100◦C. In (3.10)m is the number of layers,

M(y) =
sinh(y) + sin(y)

cosh(y) − cos(y)
(3.12)

and

D(y) =
sinh(y) − sin(y)

cosh(y) + cos(y)
. (3.13)
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The power loss in the windings can then be obtained by adding the losses of each harmonic
component [41], which is done by

Pw =
∞

∑

h=0

(I2

pri,hRpri + I2

sec,h + Rsec)

(

Rac

Rdc

)

h

. (3.14)

Design of a Transformer

The transformer is complicated because it requires two or more conductor windings on the
magnetic core. The medium frequency transformer have different properties compared to
the line frequency transformer [39], both the power densityand the loss density are high
compared to the line frequency transformer. Since the voltage level used is high and the
core is small, the space needed for insulation can cause a problem. In the design of a trans-
former for soft switching DC/DC converters, the leakage inductance needs to be carefully
controlled [18].

In this design, two c-cores are used as shown in Fig. 3.1 with the winding arrangement
shown in Fig. 3.2. Here, only two c-cores are used but if the maximum winding radius is
large, a larger number of c-cores can be distributed along the windings.

Acore/2

dcore

bw

acore/2

hw

acore/2

Rcore

Fig. 3.1 Two c-cores used for transformer design

As a first step, the winding design for the converter is determined. The number of primary
turnsNpri in the winding is determined and can be varied in order to find asuitable design.
Knowing the number of primary turns, the number of secondaryturns are given by

Nsec = Npri

Vsec

Vpri

. (3.15)

For the primary winding, which is the low-voltage winding, afoil conductor is used and
for the secondary winding, which is the high voltage winding, a Litz wire is used. The in-
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bw

hw
Aw Aw,pri Aw,sec

Fig. 3.2 Winding arrangement for the transformer

sulation is supposed to withstand a maximum electric field ofEmax = 10 kV/mm, which is
lower than the maximum field for transformers used for 50 Hz sinusoidal voltage. The in-
sulation distancedi,pri anddi,sec for the windings are then obtained from the peak voltages
as

di,pri =
Vpri,max

Emax

, di,sec =
Vsec,max

Emax

. (3.16)

The width of the foilew,pri for the primary winding is assumed to be equal to the skin
depthδ and calculated with

ew,pri ≤ δ =

√

2σ

ωµcu

. (3.17)

For the foil conductor in the primary winding, the copper area for one turn is calculated
by

Acu,pri =
Ipri

Jpri

. (3.18)

The height of the winding is then dependent on the number of parallel layersnppri for the
primary winding as seen in Fig. 3.3.

The height of the winding is then calculated by

hw,pri =
Acu,pri

ew,prinppri

. (3.19)

With the insulation distance ofdi,pri between the windings andNpri number of turns, the
winding heighthw,pritot and widthbw,pritot for the primary winding can be calculated as

hw,pritot = hw,pri + 2di,pri (3.20)
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hw,pri

ew,pri

di,pri

hw,pri

ew,pri

di,pri

Fig. 3.3 Foil winding for the primary side with 1 or 2 parallel layers.

and

bw,pritot = Nprinppri(ew,pri + di,pri) + di,pri. (3.21)

For the secondary winding, a Litz wire is used with a copper fill factor of about 0.75
(excluding insulation between the wires). The copper areaAcu,sec of the Litz wire is then
calculated as

Acu,sec =
Isec

Jsec0.75
. (3.22)

The diameter for the copper wire is obtained by

ew,sec = 2

√

Acu,sec

π
. (3.23)

For the secondary winding, the number of turnsNsec is assumed to be divided intonpsec

layers. In Fig. 3.4, the secondary winding can be seen when itis divided into 1 or 2 layers.
It should be noted that this is the high voltage side and each cable is one turn unlike the
primary winding where each turn can be divided into several parallel foil turns.

Just as for the primary winding, the winding heighthw,sectot and widthbw,sectot for the
secondary winding can be calculated using the insulation distancedi,sec as

hw,sectot =
Nsec

npsec

(ew,sec + di,sec) + di,sec (3.24)

and

bw,sectot = npsec(ew,sec + di,sec) + di,sec. (3.25)
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ew,sec

di,sec

di,sec

Fig. 3.4 Litz winding for the secondary side with 1 or 2 layers.

The resulting heighthw of the winding window is then the maximum height of the sec-
ondary and the primary winding, and the widthbw is the sum of the widths of the windings
as shown in

hw = max(hw,pritot, hw,sectot), bw = bw,pritot + bw,sectot. (3.26)

For the complete dimensions of the transformer, also the area of the core needs to be
determined. For this, the peak flux densityBmax in the core is determined and should be
lower than the saturation flux densityBsat. The core area can be calculated using

Acore =
λpri

2NpriBmax

(3.27)

where

λpri =

∫

tpos

vpri(t)dt (3.28)

is the integral of the voltage across the primary winding during the positive periodtpos [37].
KnowingAcore and assuming thatacore = dcore these dimensions are given for the core.

Knowing all the dimensions, the volumeVcore and weight of the core can be calculated
and the core loss is obtained by

Pcore = K1f
K2

tr (Bmax)
K3Vcore. (3.29)

The mean turns lengthlw,pri andlw,sec of the windings can be calculated from the known
dimensions and the DC resistance in the windings are obtained as
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Rpri =
σlw,priNpri

ACu,pri

, Rsec =
σlw,secNsec

ACu,sec

. (3.30)

The copper losses in the windings are then calculated by

Pw = Kac,priRpriIpri + Kac,secRsecIsec. (3.31)

The total lossesPtr of the transformer are then given by the sum of the core lossesand
the winding losses as

Ptr = Pcore + Pw. (3.32)

For a transformer, the leakage inductanceLleak is an important design parameter that is
calculated by [12]

Lleak =
µ0N

2
prilwbw

3hw

. (3.33)

In the design process of the transformer an iterative process is used. In this design process,
the starting point is the demanded ratings of the transformer. From these values, designs
are obtained for different values of for example the number of turns, the maximum flux
density and the current density. The chosen design is then the design that gives the lowest
losses or the lowest weight depending on what gives the lowest cost for the application.

3.1.2 Diodes

The power diode has the same principle of operation as the small signal diode, but a more
complicated structure due to the higher power rating. This is described in detail in [12] and
will here be explained briefly. The Shottky diode is not considered here since the reverse
blocking voltage is too low for the high-voltage application in a wind farm, instead the
focus is on the pn-diodes.

Fundamental Power Diode Physics

For explaining the fundamental physics of the power diode, the vertical cross section
shown in Fig. 3.5 is used.

For the power diode, the n−-layer is the main difference from the low power diodes. In
this region, the depletion region of the reverse-biased p+n−junction is absorbed. The re-
verse breakdown voltage is dependent of the width of the drift region. There are two main
types of diodes, the non-punch-through diode and the punch-through diode. For a non-
punch-through diode, the drift region is longer than the depletion layer at breakdown. The
other option is the punch-through diode where the depletionregion has extended all the
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Fig. 3.5 Vertical cross section of a power diode.

way through the drift region.

In the on-state, the ohmic resistance is much less than the resistance calculated from the
geometric size and and the thermal equilibrium power densities. This is a result of the
large amount of excess-carrier injection into the drift region, called conductivity modula-
tion.

An emerging technology today is the SiC power diode [43], andSiC p-n diodes rated
at 19 kV have been reported. The SiC devices can operate at high junction temperature
because of the wide band gap of SiC and they also have low thermal resistivity.

3.1.3 MOSFET

The Metal Oxide Field Effect Transistor (MOSFET) is widely used in low-power appli-
cations due to its fast switching and thereby low switching losses. However, the on-state
losses are larger than for the IGBT which makes the IGBT more suitable for high-power
applications. Even though the MOSFET is not used in this thesis it will be described here
briefly since the section about the operation of the IGBT willrefer to the operation of the
MOSFET. A more detailed explanation of the MOSFET can be found in [12].

Fundamental MOSFET Physics

For understanding the physics of the MOSFET, the vertical cross section of a MOSFET
is shown in Fig. 3.6. The transistor shown in the figure is called a n-channel MOSFET,
since a n-channel is created when the device is conducting. In the off-state when no volt-
age is applied at the gate, the device is blocking since one ofthe pn-junctions is blocking
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Fig. 3.6 Vertical cross section of a MOSFET.

the applied voltage. There can not be any minority-carriersinjected from the gate which
is isolated. However, when a positive voltage is applied at the gate, negative charges are
attracted to the gate and a n-channel is created that connectthe source to the drain. The
current flowing in this channel depends on the voltageVGS at the gate where a larger volt-
age gives a larger current.

The switching of the MOSFET is fast since there are no excess minority carriers that have
to be removed or injected at turn-on or turn-off, and principal waveforms are shown in
Fig 3.7. However, the lack of excess minority carriers results in a high on-state resistance
unlike the IGBT where the large amount of excess carriers injected into the drift region
reduce the resistance.
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Fig. 3.7 Typical hard switching waveforms of a MOSFET.

3.1.4 IGBTs

The Insulated Gate Bipolar Transistor (IGBT) is the device that is most widely used in
new high-power applications. It combines the fast switching of the MOSFET with the
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low on-state losses of the BJT (Bipolar Junction Transistor) [12, 44]. The operation of the
IGBT is thoroughly described in [12] and will here be explained briefly.

Fundamental IGBT Physics

In Fig. 3.8 the vertical cross section of an IGBT is shown.
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Fig. 3.8 Vertical cross section of an IGBT.

The operation of an IGBT can be explained as a Darlington circuit with a pnp BJT transis-
tor as the main transistor and the MOSFET as the driver deviceas can be seen in Fig. 3.9.

Drain

Gate

Source

Fig. 3.9 Equivalent circuit for the IGBT.

Combining Figs. 3.8 and 3.9, it can be seen that the MOSFET transistor consists of the
n+-layer, the body region and the drain drift region. When a voltage is applied at the gate,
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3.1. Components

an inversion channel is created in the body region. An electron current from the source
can then flow into the drain drift region, which causes an injection of holes from the p+

drain contact layer. The BJT is the main transistor in the Darlington circuit in Fig. 3.9
and consists of the body region, the drain drift region and the injecting layer. The buffer
layer is optional and will be described later. When the MOSFET has been turned on, the
electrons and holes injected into the drain drift region will eventually turn the BJT on.
However, the base of the BJT is wide, which gives a low value ofβ for the BJT. This
results in that a significant part of the current flows throughthe MOSFET transistor.

The IGBT transistor can be seen as a mixture of the MOSFET and the BJT, and its charac-
teristics is a mixture of the characteristics for the MOSFETand the BJT. The most basic
differences are that the IGBT has a faster switching than theBJT and a lower on-state
voltage than the MOSFET. The presence of conductivity modulation is the reason for the
low on-state voltage for the IGBT compared to a comparable power MOSFET. For turn-
on and turn-off, the transition is affected both by the MOSFET part and the BJT part.
Typically switching waveforms for the IGBT are shown in Fig.3.10.
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Fig. 3.10 Typical hard switching waveforms of an IGBT.

The basic switching waveforms are similar to the switching of the MOSFET, but the
slower BJT-part of the IGBT results in some differences as seen in Fig. 3.10. At turn-on,
the difference from the MOSFET is that the fall-time of the voltage is longer since the
resistance in the IGBT is lowered due to conductivity modulation in the BJT, and the final
on-state voltage is therefore not reached until the BJT has been turned on, which is the
”tail-voltage” seen at turn-on in Fig. 3.10. A similar principle applies for turn-off, where
the difference in the waveforms between the MOSFET and the IGBT is the ”tail-current”.
For the MOSFET transistor, the current is turned off rapidlybut the BJT-current has a
slower decrease. A reason for the slow decrease in the BJT current is that there is no
possibility for carrier sweep-out and the stored charge in the n− region must be removed
with recombination. It is an open-base turn off process for the bipolar transistor since the
MOSFET has been turned off and there is no base current. This tail-current gives a sig-
nificant part of the turn-off losses, especially for soft-switching operation. To reduce the
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tail current the life time of the carriers should be short, but this is a trade-off between the
on-state losses that increase with a shorter carrier life time. There are also other ways to
reduce the tail-current, where one option is to design the IGBT so the MOSFET carries
as large part of the current as possible.

Regarding the n+ buffer layer, it determines the ability to block reverse voltages. When
there is a forward voltage across the IGBT and the MOSFET is turned off, the voltage
drop occurs at the junction between the drain drift region and the body region. Since the
drain drift region has the lowest doping level, the depletion region will mainly extend
into this region. The n region must be large enough to accommodate the depletion region
so it does not touch the p+ layer. This can be done either by having a n− layer that is
large enough or by inserting the n+ buffer layer. An IGBT without the n+ layer is called
a non-punch-through (npt) IGBT. This option gives the ability to block reverse voltages
as large as the maximum blocked voltage in the forward direction. On the other hand, the
component will be large. When the n+ layer is inserted the IGBT is called a punch-through
(pt) IGBT. In this case, the drain drift region can be made shorter without extending the
depletion region into the p+ layer for the same forward blocking voltage. However, the
maximum reverse blocking voltage is very small due to the high doping on both sides of
the junction between the injecting layer and the buffer layer.

3.1.5 Snubber Circuits

In two of the investigated topologies, the fullbridge converter and the single active bridge
converter described later in this chapter, the turn-off losses for the IGBT modules are
reduced by using snubber capacitors connected across the devices. Fig. 3.11 shows two
possible circuit topologies for the turn-off snubber.

S1

D1 Cs

(a) Without limited current at
turn-on.

S1

D1

Cs

Ds Rs

(b) With limited current at turn-on.

Fig. 3.11 Snubber circuits to reduce turn-off losses.

30



3.1. Components

The principle of operation of a turn-off snubber is to increase the voltage rise time and
thereby avoid high voltage level at the same time as the high current. As seen in Fig. 3.11,
there are two different ways to realize the turn-off snubber. The first option is a capac-
itor connected across the switch as in Fig. 3.11 (a), which iscalled a lossless snubber.
When this snubber circuit is used, the capacitor must be discharged before the switch is
turned on. If this is not done, the capacitor will be short circuited through the switch and
discharged with a large peak current in the switch. To reducethis current at turn-on, a
resistance in parallel with a diode can be connected in series with the capacitor as seen
in Fig. 3.11 (b). The resistance will limit the peak current at turn-on and the diode will
provide the same characteristics when the capacitor is charging as the pure capacitor. The
drawback with this snubber circuit is that there are losses in the resistance when the ca-
pacitor is discharged, in contrast to the lossless snubber.However, at turn-off both snubber
circuits show the same characteristics since the capacitoris charged and the current will
then flow through the diode. The snubber circuits will be studied further in Section 4.1.3
where the reduction of turn-off losses is explained compared to the hard-switching case.
Also, the design of the snubber circuits will be studied in Section 5.2.
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3.2 Fullbridge Converter

The first possible topology for a high power DC/DC converter described is the fullbridge
converter shown in Fig. 3.12.
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Fig. 3.12 Topology for the fullbridge converter.

In the fullbridge converter, the input bridge creates a highfrequency square wave at the
transformer, which transforms the voltage to a higher level. On the secondary side of the
transformer the high voltage square wave is rectified by the diode bridge and the ripple
is reduced to a suitable level by the output filter. Since the output filter is current-stiff,
the current in the switches and the transformer is approximately constant during the on-
period.

The easiest way to control the fullbridge converter is by duty cycle control, where the
output voltage is proportional to the duty cycle. This control gives high switching losses
since the switches are turned off at full load voltage. The second way to control the full
bridge converter is by phase-shift control. The two switching legs are then controlled
individually, where the leading leg changes the converter into the active phase and the
lagging leg turns the converter into the passive phase.

3.2.1 Operation of the Fullbridge Converter with Duty CycleControl

For the fullbridge converter with the topology shown in Fig.3.12, the resulting currents
and voltages for the switches and diodes are shown in Figs. 3.13 and 3.14. The voltage
and current for the input to the transformer are shown in Fig.3.15.

The duty cycle control gives a mean voltage across the transformer that is equal to the
output voltage divided by the transformer ratio. This is achieved by an on-state where the
switches in two legs are on, applying the input voltage across the transformer. In the off-
state, all switches are off and the load current free-wheelsthrough the diodes in the output
bridge, which gives zero voltage across the transformer. These voltage variations are elim-
inated by the filter inductance giving a smooth output current. The operation principle for
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Fig. 3.13 Conditions for the switches in the 5 MW FB duty cycle converter.

the fullbridge converter is explained using the voltages and currents for the diodes and
switches in Figs. 3.13 and 3.14 as well as the current and voltage for the transformer in
Fig. 3.15 and the conduction paths shown in Fig. 3.16.

In the passive state at t< t1 in Fig. 3.15, the switches in the input bridge are off and the
load current flows through the output bridge as shown in Fig. 3.16 (a). In this passive
state, there are oscillations between the leakage inductance in the transformer and the ca-
pacitance of the switches in the input bridge. These voltageoscillations can be seen in
Figs. 3.13 and 3.15 where it also can be seen that the current resulting from these oscil-
lations is small compared to the load current. The active state is initiated at t = t1 when
switchesS2 andS3 are turned on as in Fig. 3.16 (b). Since the output diodes are short
circuited, there is a negative voltage across the leakage inductance of the transformer re-
sulting in an increased negative current. When the current has reached the value of the
load current at t = t2, the output bridge is not short circuited as in Fig. 3.16 (c) and the
current stays constant. At t = t3 switchesS2 andS3 are turned off, forcing the current to
flow through diodesD1 andD4. The current is now decreasing and the output bridge is
short circuited as shown in Fig. 3.16 (d). When the current has reached zero at t = t4, no
switch is turned on and the load current flow through the diodes in the output bridge as
shown in Fig. 3.16 (e). The next half period is obtained in thesame way, turning on the
switchesS1 andS4 at t = t5. The current is then increasing to the value of the load current
and stays constant until the switches are turned off at t = t6. After that, the current flown
through the diodesD2 andD3 until it has decreased to zero and the passive state has been
reached. The next period starts at t = t7 whenS2 andS3 are turned on.
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Fig. 3.14 Conditions for the didoes in the 5 MW FB duty cycle converter.
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Fig. 3.15 a) current and b) voltage for the primary side of the transformer in the FB duty cycle
converter.

From this, it can be seen that there are hard-switching conditions at both turn-on and turn-
off for all transistors. This results in considerably high switching losses as will be shown
in Section 4.1.
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Fig. 3.16 Conduction paths for the fullbridge converter, operating with duty cycle control.
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3.2.2 Operation of the Fullbridge Converter with Phase Shift Con-
trol

If there are no snubber circuits across the switches as in theprevious section, there would
be high switching losses. As mentioned in the introduction,soft switching is often used
for reducing the switching losses. This is usually done using the phase-shifted pulse-width
modulation technique [6, 7, 8]. In hard-switched converters, a low leakage inductance is
desirable for a fast polarity reversal of the current in the transformer which then gives a
high maximum duty cycle. However, in a soft-switched converter, a low leakage induc-
tance will result in difficulties to achieve soft-switchingof the lagging leg [6, 7]. The
switching of the leading leg devices is done using the energystorage in the output filter
inductor, and the lagging leg devices are switched using theenergy storage in the leakage
inductance of the transformer. Unless the leakage inductance of the transformer is very
large, the ZVS (Zero Voltage Switching) range is limited andlarge external capacitors
can not be used for the lagging-leg switches [6, 7]. This switching range can be increased
by adding an auxiliary circuit to the lagging-leg of the converter. A low leakage induc-
tance of the transformer could lead to larger losses in the lagging-leg switches than in
the leading-leg switches. In [8] a control scheme is proposed where one leg behaves as
leading leg in one period and the lagging leg in the next period. This does not change
the original operation principle of the converter, but, since there can be different losses in
the leading leg and the lagging leg, in this case the average losses over two periods will
be equal for all switches. In [45], the losses are compared between the hard switching
halfbridge, soft switching halfbridge, soft switching fullbridge and semi-soft switching
fullbridge converters. It was found that for a 100 kW converter, the semi-soft switching
fullbridge converter has slightly higher efficiency than the soft switching fullbridge con-
verter. The reason for this is the circulating currents and duty cycle loss caused by the
auxiliary circuit used to obtain soft switching over a wide range of operating conditions.

To lower the switching losses compared to the fullbridge converter with duty cycle con-
trol, the converter is controlled by phase-shift control with capacitors connected across the
switches in the input bridge as in Fig. 3.17 [5, 7, 37]. This gives lower switching losses
but a more complicated control for the input bridge.

The principle of operation for the fullbridge converter with phase shift control is the same
as for the converter with traditional duty cycle control. The on-state with the input volt-
age across the transformer is achieved by turning two switches on. The difference is the
switching and the off-state, which is achieved by turning one switch off and let the load
current flow through one switch and one diode. With this control method, the switching
losses can preferably be lowered by the capacitors across the switches which are charged
after turn-off of a device giving zero voltage turn-on switching.
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Fig. 3.17 Topology for the FB converter using phase shift control.

The voltages and currents for the switches are plotted in Figs. 3.18- 3.19. The difference
between the two control schemes is how the switching is obtained, which is shown in
Fig. 3.20.
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Fig. 3.18 Conditions for the switches in the 5 MW FB phase shift converter.

The switching transitions can be explained from the waveforms in Fig. 3.18- 3.19, Fig. 3.20
and the topology in Fig. 3.17. The voltage and current in the transformer are shown in
Fig. 3.21 and the conduction paths during the switching are shown in Fig. 3.22.

In the passive state just before t = t1, S1 conducts and the load current is forced to flow
through the diodeD3 as shown in Fig. 3.22 (a) since all other switches are turned off. The
voltage across the transformer is therefore zero and the converter is in its passive state.
Both voltagesV1 across switchS1 andV3 across switchS3 are zero. The active state is
initiated at t = t1 when switchS1 is turned off. This turn-off occurs at zero voltage since
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Fig. 3.19 Conditions for the didoes in the 5 MW FB phase shift converter.

the diodeD3 is conducting, which can be seen in Fig. 3.17. WhenS1 has been turned off,
the load current flows in the capacitors as shown in Fig. 3.22 (b), decreasing the voltage
V2 across switchS2 shown in Fig. 3.20 (a). The decrease inV2 causes a negative volt-
age across the leakage inductance, and a large inductance isneeded to maintain enough
current to charge the capacitors untilV2 = 0 [7]. WhenD2 is forward biased, the current
starts flowing throughD2 andD3 which is seen in Fig. 3.22 (c), applying a negative volt-
age across the leakage inductanceLs. The negative input voltage is then applied across
the primary side of the transformer, and there is zero voltage at the secondary side, which
gives a negative voltage across the leakage inductance thatmakes the current in the trans-
former decrease. WhenD2 andD3 conducts,S2 andS3 are turned on at zero voltage and
starts conducting when the current in the transformer decreases below zero in the interval
between t = t1 and t = t2. Since the current in the transformer is lower than the load cur-
rent, the diodes on the secondary side of the transformer areshort circuited. The current
in the transformer decreases until it is equal to the negative load current at t = t2. Then
the output bridge is not short circuited as seen in Fig. 3.22 (d). The voltage across the
secondary side of the transformer is equal to the negative input voltage and the current
stays constant until t = t3 which is the end of the active state.

The transition from active to passive state is done by switchesS3 andS4. In Fig. 3.20 (b),
the transition fromS3 to D4 is shown. In the active state before t = t3, switchesS2 andS3

are conducting as seen in Fig. 3.22 (d), giving the input voltage across the transformer.
The passive state is started whenS3 is turned off at t = t3. The voltageV3 acrossS3 is
then increased untilD4 is forward biased and starts to conduct achieving the passive state
shown in Fig. 3.22 (e). The current for the charging of the capacitors is provided by the
filter inductance, that adjusts the voltage on the secondaryside of the transformer to the
same level as for the primary side in order to keep the currentconstant [7].
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Fig. 3.20 Switching of the transistors in a 5 MW FB phase shift converter.

The passive state lasts until t = t4 whenS2 is turned off and after charging the capacitorC2

the diodeD1 starts conducting. ThenS1 andS4 are turned on and start conducting when
the current in the transformer reverses direction. At t = t5 the current in the transformer
equals the load current and the output bridge is not short circuited. At t = t6 the active
state is ended by turningS4 off. After charging capacitorC4, D3 starts conducting and the
passive state is achieved, which is the same as just before t =t0.

From the transitions, it can be seen that all switching occurat soft-switching conditions.
At turn-off the snubber capacitors result in a slower rise ofthe voltage and thereby lower
losses as is shown in Section 4.1. At turn-on, the soft switching is based on that the cur-
rent in the leakage inductance is large enough to charge the capacitors to the input voltage
before the switch is turned on. A lower current would requirea smaller capacitance or a
longer delay before the switch is turned on. It can thereforebe turn-on losses if the current
is too low to charge the capacitors before the switches are turned on.

The output voltage for the ideal fullbridge converter usingphase shift control can be
calculated in the same way as for the fullbridge converter using duty cycle control where
the output voltage is the input voltage multiplied with the duty cycle. Using phase shift
control with a transformer with ratio 1:n, the output voltage Vload for an ideal converter
can be calculated as

Vload = nVdφ, (3.34)

whereVd is the input voltage andφ is the phase shift variable calculated as
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Fig. 3.21 a) current and b) voltage for the primary side of the transformer in the FB converter.

φ =
t3 − t1
Ts/2

, (3.35)

which basically is the time of the active phaset3 − t1 divided by the time of a half period
Ts/2. The phase-shift variableφ varies between 0 and 1 and is the same as the duty cycle
for the duty cycle control.
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Fig. 3.22 Conduction paths for the fullbridge converter, operating with phase shift control.
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3.3 Single Active Bridge Converter

The single active bridge (SAB) converter in Fig. 3.23 looks similar to the fullbridge con-
verter but due to the voltage stiff output it behaves differently and accordingly it is con-
trolled in a different way [10].
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Fig. 3.23 Topology for the SAB converter.

3.3.1 Operation of the Single Active Bridge Converter

For the single active bridge converter, the output filter creates a voltage stiff output and
the current waveforms in the converter are dependent on the voltage across the leakage in-
ductanceLs of the transformer [10]. The operation of the converter is explained using the
voltage and current waveforms for the switches and diodes inFigs. 3.24 and 3.25 as well
as the waveforms for the transformer in Fig. 3.26 and the conduction paths in Fig. 3.27
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Fig. 3.24 Conditions for the switches in the 5 MW SAB converter.

In the passive state at t< t1, the switches are turned off as seen in Fig. 3.27 (a) and the
load current is given by the output capacitor. It can be seen in Figs. 3.24 (b) and 3.25 (b)
that there is no current in the diodes or switches. The switchesS2 andS3 in the input
bridge are turned on at zero current at time t = t1 which is shown in Fig. 3.27 (b). Then
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Fig. 3.25 Conditions for the diodes in the 5 MW SAB converter.

0 0.5 1 1.5 2
−10

0

10
a)

C
ur

re
nt

 [k
A

]

0 0.5 1 1.5 2
−10

0

10
b)

V
ol

ta
ge

 [k
V

]

t
1

t
2

t
3

t
4

t
5

t
6

t
7

time [ms]

Fig. 3.26 Current and voltage for the primary side of the transformer in the SAB converter.

the transformer input voltage minus the output voltage is applied across the leakage in-
ductance which gives an increasing current. When the current has reached its maximum
value, the switchesS2 andS3 are turned off at a high current at t = t2. After the switches
have been turned off,D1 andD4 starts conducting as in Fig. 3.27 (c) and the input voltage
across the transformer changes polarity. This gives a reverse voltage across the leakage
inductance equal to the sum of the input voltage and the output voltage. This drives the
current in the leakage inductance to decrease quickly to zero at t = t3 where the diodes
stops conducting. Then there is an off-time as seen in Fig. 3.27 (d) between the current
has reaches zero at t = t3 and switchesS1 andS4 are turned on at t = t4. As a result, the
current is increasing untilS1 andS4 are turned off at t = t5 and the diodesD2 andD3 start
conducting. The current is decreased to zero at t = t6 and is off until the next period starts
at t = t7.

For the single active bridge converter, the turn off occurs at a high current leading to
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Fig. 3.27 Conduction paths for the single active bridge converter.

large losses. However, a snubber capacitor is connected across the switch to lower the
turn-off losses as seen in Section 4.1. At turn-on the current is zero but there is a turn-
on loss resulting from the snubber capacitors if the transistor is not turned on while the
freewheeling diode is conducting.
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3.4 Series Parallel Resonant Converter

Another possible topology for the DC/DC converter is the series parallel resonant (LCC)
converter seen in Fig. 3.28. This topology is the preferred load resonant topology since
it takes advantage of the best characteristics of the parallel and series resonant convert-
ers [38].
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Fig. 3.28 Topology for the LCC converter.

The purpose of the resonant converter is to reduce the switching losses by switching at
zero current and/or zero voltage. This is achieved by the resonant tank consisting of the
inductanceLr and the capacitancesCr andCp as shown in detail in [12]. However, there
are some disadvantages with the load resonant converters. The need of a wide frequency
range has made the dimensioning of passive components difficult [8], and resonant con-
verters also have the disadvantage of a large resonant inductance and capacitance [5].
In [38], the series resonant, the parallel resonant and the series parallel resonant convert-
ers were compared. It is also stated that operation above resonance is preferred since there
are no turn-on losses for the switches and no diode switchinglosses. The series resonant
converter has a series resonant capacitor on the primary side that acts like a dc blocking
capacitor and the current on the devices decrease when the load decreases. The drawbacks
is that the output voltage can not be regulated for the no-load case and the output filter
capacitor must carry high ripple current. The parallel resonant converter is able to control
the voltage at no load by switching above resonance frequency. The main disadvantage
is that the current in the switches are independent of the load and it is not suited for a
converter with wide input voltage range. The series parallel converter takes advantage
of the best characteristics of the series resonant and the parallel resonant converters and
eliminate their main disadvantages.

3.4.1 Operation of the Series Parallel Resonant Converter

In the series parallel resonant converter, a resonant operation is created by the resonant
tank resulting is a current pulse. The switches can then be turned off at zero current and
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zero voltage. In this converter, the shape of the current pulse is determined by the in-
put voltage, the output voltage and the components in the resonant tank. The amplitude
and duration of the current pulse can therefore not be controlled, instead the only way to
control the output is by changing the off-time between two current pulses. This resulting
frequency control makes the filtering of the input and outputcurrent difficult. When the
output voltage and power are high, there is a short off-time between the pulses and for
this case an ”effective” filter could more easily be designed. There is a high peak-value
in the output current but there is an almost continuous current. When the power level is
low, there is a long off-time between the pulses as shown in Fig. 3.30, which compli-
cates the filter design. This is an obvious disadvantage for the resonant converter at low
output power. Another disadvantage is the high peak voltageacross the transformer in
Fig. 3.29 b), which is a result of the high peak voltage acrossthe leakage inductance in
the transformer which is a part of the resonant tank.
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Fig. 3.29 Current and voltage for the primary side in the LCC converter.

The resonant operation starts when switches S1 and S4 are turned on at time t = t1 as
shown in Fig. 3.34 (a). The resonant tank will then create a resonant pulse that makes the
current in the switches decrease to zero at t = t2. In the second half of the resonant pulse,
diodes D1 and D4 conduct as in Fig. 3.34 (b) until the current goes back to zeroat t = t3.
There is then an off-time due to the frequency control until the second half-period starts
at t = t4 by turning switches S2 and S3 on. At t = t5 the current reverses direction and D2

and D3 starts conducting. Then there is an off period from t = t6 until t = t7 where the next
period starts by turning on switches S1 and S4.

For the resonant converter, the switches are turned of whilethe freewheeling diode is
conducting which results in zero turn-off losses. Also the turn on losses are small due to
the slow increase in the current in the resonant tank as shownin Section 4.1.
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Fig. 3.30 Current to the output filter for LCC converter for position 1bfor a) 12 m/s and b) 6 m/s.
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Fig. 3.31 Conditions for the switches in the 5 MW LCC converter.
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Fig. 3.32 Conditions for the diodes in the 5 MW LCC converter.
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Fig. 3.33 Current and voltage for the primary side in the LCC converter.
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Fig. 3.34 Conduction paths for the series parallel resonant converter.
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Chapter 4

Loss Determination

In the previous chapter, the converters have been introduced with simulations using mod-
els with ideal switches and an ideal transformer giving basic current and voltage wave-
forms. These waveforms are used both for designing the components of the converter and
to calculate the losses. In this chapter, the origins of the losses in the different parts of
the converter are explained. The methods of loss calculations are presented in this chapter
and are used in Chapter 5, where the converters are designed aiming for lowest possible
total losses.

In this thesis, the focus will be on the comparison of three different topologies, and there-
fore the losses will be treated that vary between the topologies. The losses for the trans-
former and the semiconductor components are strongly dependent on the voltage and cur-
rent waveforms and will be different for the three topologies. However, additional losses
as losses for cooling and losses in the drive circuits will besimilar for all topologies and
are not included in the loss calculations. It will be shown from the experimental circuit in
Chapter 6 that the main sources of the losses are the semiconductor components and the
transformer.

For the semiconductor components, there are basically two ways to simulate the losses
that are known and published [46, 47]. The first way is to use physics-based simula-
tion models, which is suitable for designing new power electronics devices and convert-
ers. This procedure requires implicit integration methods, leading to increased simulation
times and requires detailed knowledge of the physical dimensions of the device [48, 49].
The second way, that is used in this thesis, is to simulate thepower electronic system with
ideal switches and to obtain the current and voltage for these devices. Knowing the voltage
and current waveforms as well as the switch design, the conduction and switching losses
for the semiconductor components can be calculated using the information found either
in data sheets for the components or in look-up tables based on experimental results.
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4.1 Semiconductor Losses

For the semiconductor devices, all losses are calculated for a single module from the
known switching conditions. Since the switches consists ofa number of modules con-
nected in series and parallel, the current and voltage are distributed to the modules. Know-
ing the voltage and current for one module, the losses can be obtained either from calcu-
lations or from a look-up table using measured results. The losses are then added for all
modules in a switch giving the losses for the switch. The total switching losses are then
obtained by multiplying the energy loss for one duty cycle with the switching frequency.

4.1.1 Conduction Losses

The conduction losses can be calculated using the on-state characteristics for the com-
ponents found in the data sheets, which is the relation between the on-state voltage and
current. Knowing the current in the components, the conduction losses can be calculated
as the voltage multiplied with the current.

The diode Conduction Losses

The semiconductor components used in the converters are diode modules and IGBT mod-
ules. In the IGBT modules, there is a freewheeling diode connected in parallel with the
IGBT, which can be seen in Fig. 4.1.

Fig. 4.1 Connection of an IGBT and a diode in a press-pack module

In the data sheet for a diode, the forward voltageVF is shown in a graph as a function of
the forward currentIF . The forward voltageVF in the diode can be approximated as

VF = AF + BF IF + CF I2

F . (4.1)

The power losses,PFC due to the conduction in the diode are then given by

PFC = VF IF = AF IF + BF I2

F + CF I3

F . (4.2)

The values for the constantsAF , BF andCF can be obtained from the data sheet for the
diode.
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The IGBT Conduction Losses

In the same way as for the diode, the on-state voltage for the IGBT,VCE, can be expressed
as a function of the on-state currentIC as

VCE = AC + BCIC + CCI2
C . (4.3)

The conduction losses,PIC , for the IGBT can be obtained by multiplying the on-state
voltage and current, giving

PIC = VCEIC = ACIC + BCI2

C + CCI3

C . (4.4)

As for the diode, the values for the constantsAC , BC andCC can be obtained from the
data sheet for the IGBT. The mean value of the conduction losses in the IGBT as well as in
the diode is given by the average of the instantaneous conduction losses over a switching
cycle.

4.1.2 Diode Switching Losses

The switching losses of a pn-diode are approximately the same as the turn-off losses since
the turn-on losses are negligible in comparison with the turn-off losses [43]. The energy
dissipation at turn-off is depending on the charge stored during the forward conduction
of the diode. At diode turn-off a part of the stored charge in the diode is removed by a
reverse current Irr as shown in Figs. 4.2 and 4.3, and not lost to internal recombination
[12, 50]. This charge is called the recovered charge,Qrr. During the reverse recovery, a
negative current flows in the diode while the diode remains forward biased, which results
in a high instantaneous power loss in the transistor [50].

Irr

Fig. 4.2 Reverse recovery current for the diode at turn-off.

Just as the switching losses for the IGBT, the turn-off losses in the diode due to the reverse
recovery can be calculated using the linearized model [47]
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Err = EDR

VF

Vref

iF
iref

. (4.5)

For the a diode, the turn-off losses can be calculated using the information in the data
sheets which gives [51]

Err = EDR

VR

Vref

(

AR

AR + BR

+
BR

AR + BR

iF
iref

)

. (4.6)

Here,EDR is the switching loss atVref andiref and the values for the constantsAR and
BR can be obtained from information in the data sheet for the diode. This equation results
from a linearization assuming that the diode turn-off losses are proportional to the voltage
across the diode. For the diodes just as for the IGBTs, the loss calculations are done for a
single module and then multiplicated to obtain the losses for the whole switch.

The losses at turn-off of the diode is depending on the chargethat is not dissipated due to
internal recombination but removed with the reverse recovery current. Resulting from this,
a fast decrease in the forward current gives a shorter time for the charges to recombine and
a large part of the charge must be removed due to reverse recovery current. On the other
hand, a slower decrease in the forward current gives the charges more time to recombine
leading to a lower reverse recovery current and thereby lower losses. In the data sheet for
the diode [51], it can be seen that the diode switching lossesdecrease with a decreasing
diF/dt. A linear dependence on the derivative of the forward current is then inserted
in (4.6) resulting in

Err = EDR

VR

Vref

(

AR

AR + BR

+
BR

AR + BR

iF
iref

)

diF /dt

diref/dt
. (4.7)

Consequently, to calculate the turn-off losses for a diode the forward currentiF , the time
rate of change of the forward currentdiF /dt as well as the reverse voltageVR must be
known.
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4.1.3 IGBT Switching Losses

The IGBT switching losses are calculated based on the known switching conditions ob-
tained from the simulations. After that, the switching losses can either be calculated using
a linearized equation or using values from a look-up table based on measurements. When
switching an IGBT, losses occur during the switching when both the voltage and current
are high. To reduce these losses, soft switching can be achieved either by a load resonant
tank as for the resonant converter or by adding a snubber capacitor across the device.

Hard Switching

For the hard-switching case, the losses are known and well documented in the data sheet
for the components. In Fig. 4.4, typical hard switching waveforms for an IGBT in the
input bridge for a converter shown in Fig. 4.5.
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Fig. 4.4 Typical hard switching waveforms of an IGBT.
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Fig. 4.5 Input bridge for a converter without snubber circuits.

Assume that the waveforms in Fig. 4.4 is for the IGBT S1 in the input bridge in Fig. 4.5.
The collector-emitter voltage VCE for S1 is equal to the voltage V1 in Fig. 4.5. At t = 0,
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S1 is off with zero current flowing in the device. The load current I0 is assumed to be con-
stant and is then flowing through the diode D2. At t = 5 µs, the device is turned on and the
current is thereby increased in the device. However, since the load current is constant, the
diode D2 stays on until S1 has taken over the entire load current. As a result, the voltage
does not start to decrease until the current has reached its maximum value. This results
in a high current and a high voltage at the same time and thereby a high instantaneous
power loss during the switching cycle. When the device is on,the full load current flows
in S1. For turn-off, the voltage across S1 must increase in order to lower the voltage across
S2 and forward bias the diode D2. When D2 is forward biased the current in S1 start to
decrease. As seen in Fig. 4.4, there is also a high instantaneous power loss at turn-off.

In the data sheet for the IGBT [52, 53], the switching losses are given as a function of gate
resistance, collector currentIC and voltageVCE. The calculation of the switching losses
can be done with a linearized model as in [47] using

Es = ESR

VV

Vref

iV
iref

. (4.8)

Here,Es is the actual switching loss at currentiV and voltageVV , andESR is the rated
switching loss at the currentiref and voltageVref . The total switching energy for a duty
cycle is then given by

Es = ESRon

VV

Vref

iV
iref

+ ESRoff

VV

Vref

iV
iref

. (4.9)

The reference values used in (4.8) and (4.9) are found in the data sheet for the IGBT
module.

Soft Switching Using a Snubber Circuit

To lower the switching losses at turn off, a snubber circuit can be connected across the
switches as in Fig. 4.6. These snubber circuits are used to lower the turn-off losses in the
fullbridge converter with phase shift control and the single active bridge converter which
were introduced in sections 3.2 and 3.3.

The current iC and the voltage VCE for the switch are shown in Fig. 4.7 with and without
the turn-off snubber. The resulting power loss during the turn-off is shown in Fig. 4.8.

For the hard switching case, the current in the switch S1 must reach the maximum value
before the diode D2 stops conducting and the voltage across S1 starts to decrease. This
results in high instantaneous power losses which can be seenin Fig. 4.8. In the case with
snubber capacitors connected across the switches as in Fig.4.6, the current and voltage
waveforms during switching change as seen in Fig. 4.7 and it also results in a lower power
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Fig. 4.7 Current and voltage during switching of an IGBT a) without snubber capacitor and b)
with snubber capacitor.

dissipated in the switch at turn-off which in shown in Fig. 4.8.

When switch S1 is turned off, the current in the device starts to decrease immediately
since it can flow through capacitors C1 and C2. The increase of the voltage is a result of
the current flowing in the capacitors. This current is the difference between the constant
load current I0 and the current in S1. Capacitor C1 is then charged and capacitor C2 is
then discharged until the voltage VCE has reached its maximum value and the diode D2 is
forward biased and starts conducting. In Fig. 4.8 it can be seen that the maximum instan-
taneous power dissipation is substantially reduced. However, the total energy dissipated
is still a significant part of the energy dissipated without asnubber. This is due to the tail
current in the IGBT, and in the example in Fig. 4.8 the energy dissipated in the IGBT with
the snubber is 30 % of the energy dissipated without the snubber.

The lossless snubber shown in Fig. 4.6 can only be used when the switch is turned on at
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Fig. 4.8 Power loss during switching of an IGBT a) without snubber capacitor and b) with snubber
capacitor.

zero voltage. If the switch is turned on at a finite voltage, the capacitor will be discharged
through the switch with a very high peak current. This case requires a resistor that is
connected in parallel with the diode as shown in Fig. 3.11.

Switching Losses for the Resonant Converter

In the resonant converter, the load resonant tank achieves turn-on at zero current as was
described in Section 3.4. In this converter, the waveform ofthe current after turn-on is
determined by the resonant tank seen in Fig 4.9. In Fig. 4.10,the voltage and current at
turn-on of the resonant tank is shown, where the resonant current pulse has a maximum
value of 1 kA and a frequency of 2 kHz.
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Fig. 4.9 Topology for the LCC converter.

It can be seen that the current rise time is long due to the low resonant frequency compared
to the fast fall time of the voltage. These turn-on losses canbe calculated by making an
analytical model based on the current and voltage waveformsas presented in [54]. Starting
with the turn-on losses for the transistors, the fall time ofthe voltage must be known as
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Fig. 4.10 Current and voltage during turn-on of an IGBT in a resonant converter.

well as the waveform for the current. The turn-on losses occur during the fall-time of the
voltage, where the voltage across the transistor can be expressed as

VCE(t) ≈ Vd

(

1 − t

tfv

)

, t < tfv. (4.10)

WhereVd is the off-state voltage across the transistor andtfv is the fall time of the voltage.
The current during this time interval is the start of the resonant operation that can be
described by

IC(t) = IC,peak sin ω0t. (4.11)

WhereIC,peak is the peak value of the current during the resonant operation andω0 is the
resonant frequency. The energy loss during turn-on is obtained by integrating the power
loss during the fall time of the voltage, and the expression is derived in (4.12)-(4.16).

Eon =

tfv
∫

0

Vd

(

1 − t

tfv

)

IC,peak sin ω0tdt = VdIC,peak

tfv
∫

0

(

1 − t

tfv

)

sin ω0tdt (4.12)

Eon = VdIC,peak

tfv
∫

0

sin ω0t −
t

tfv

sin ω0tdt (4.13)

Eon = VdIC,peak

[

−cos ω0t

ω0

− t

tfv

sin ω0t

ω2
0

+
t

tfv

cos ω0t

ω0

]t=tfv

t=0

(4.14)

Eon = VdIC,peak

[

−cos ω0tfv

ω0

− tfv

tfv

sin ω0tfv

ω2
0

+
tfv
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Eon = VdIC,peak
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As can be seen in (4.16), the turn-on energy in the IGBT-modules can be expressed as a
function of the off-state voltageVd, the peak resonant currentIC,peak, the fall time of the
voltagetfv and the resonant frequencyω0. This equation is used to get an estimation of
the switching losses in the resonant converter.

4.1.4 IGBT Properties at Soft-Switching Conditions

In a large number of high-power applications, soft switching conditions are used to reduce
the switching losses either by load resonant operation or byadding snubber circuits. The
behavior of the IGBT under soft switching conditions is significantly different from the
behavior under hard-switching conditions [54, 55]. Most commercially available IGBTs
are designed for hard-switching conditions, and the data sheets contain information about
the characteristics under hard-switching conditions. However, unexpected characteristics
have been found when the IGBTs are operated in a soft switching mode. Detailed inves-
tigations have shown that IGBT devices do not operate according to the data sheets under
zero voltage switching (ZVS) and zero current switching (ZCS) conditions [54, 55].

Losses at Zero Voltage Turn-on

To reduce the power loss at turn on, circuits can be designed using zero voltage switching
(ZVS). There is no voltage applied across the device before it is turned on, and accord-
ing to the hard switched operation the switching losses should be negligible. However,
at ZVS the voltage and current waveforms differ from the waveforms at hard switching
conditions. Typical waveforms for ZVS turn-on are shown in Fig. 4.11. In the figure, a
spike in the forward voltage drop is observed at turn-on as described in [56] and [44].

At zero voltage turn on the current initially flows in the anti-parallel diode with a certain
di/dt and then transfers to the IGBT under ZVS conditions. Due to the external circuit,
the current will then rise with a constant di/dt until it is turned off or kept at a constant
level. When the device begins to conduct at timet0, there is a voltage spike across the
device, with an amplitude increasing with an increasing di/dt. This is due to the build
up of charges in the drift region as explained in [44]. When the MOSFET has just been
turned on, an electron current begins to flow into the drift region. This region is initially
in low-level injection and is therefore resistive. Since the current flows through a resistive
bulk, the voltage will increase linearly with the current giving the voltage spike as seen
at pointa in Fig. 4.11. When a current flows in the device, charges buildup in the drift
region until the entire drift region is in high-level injection at pointb. After this point, the
resistance decreases dramatically and the forward voltagefalls even though the current is
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Fig. 4.11 Typical turn-on voltage and current for ZVS of an IGBT

still increasing. Finally, the voltage settles at a value needed to maintain the charge build-
up in the drift region and the device is in dynamic saturation. The peak of the overshoot
is dependent on di/dt, but the time to reach the peak of the over-shoot does not change
significantly [44]. When the current increases further after high-level injection has been
reached atc, additional charges are provided with a finite time delay associated with the
life time τc. This is called the conductivity modulation lag and is the difference between
the dynamic saturation voltage when the current is increasing and the voltage atd corre-
sponding to the same current in the static I-V characteristics. The overshoot for the voltage
at turn-on can then be divided into two parts. The first part isthe voltage spike that occur
before high-level injection has been reached and the voltage drop is due to the resistive
drift region. The second part is the increase in voltage due to the conductivity modulation
lag, when there is a high-level injection and the current is increasing.

For hard-switching, the entire off-state voltage appears across the device when it has just
been turned on. As high-level injection builds up in the drift region, the voltage decays
exponentially. In this hard-switching case, the turn-on time is much shorter than for the
soft-switching [44].

Losses at Turn-off

During hard switching turn-off, a large power spike occur when the voltage increases
rapidly while the device is carrying a significant current. When the snubber capacitor is
added, the voltage is forced to increase slowly so that high voltage and high current do
not occur at the same time. This gives significantly lower switching losses [56], and the
resulting waveforms for the current and voltage are shown inFig. 4.12.

On the other hand, there are some unwanted results from the snubber capacitor described
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Fig. 4.12 Typical turn-off voltage and current for an IGBT with a snubber capacitor.

in [56, 44]. During turn-off, the current waveform shows a tail current ”bump”. That is
a result of inadequate charge removal from the drift-region, where the carriers are not
swept out but have to recombine. At soft-switching conditions, the turn-off losses occur
mostly due to this tail current. It is shown that a device withshorter carrier life time will
have lower turn-off losses since the excess carriers will recombine faster and thereby the
current will decrease faster.

The reason for the tail current ”bump” is described in detailin [44]. At hard-switched
turn-off, the gate voltage is cut off when a current is flowingin the device. To support the
current, the voltage across the device rises and the currentis still flowing in the device
until the diode has been turned on. This results in a large power loss that can be con-
trolled by connecting a snubber capacitor across the device. Also, the capacitor provides
an alternative path for the current when the device current drops. The capacitor provides
a ramping up of the voltage while turning off.

At point a in Fig. 4.12, which is the start of the transition, the deviceis operating in its
on-state. When the device is on, the emitter and base of the BJT are shorted, resulting in
a voltage drop across the junction between the bipolar base and the emitter. When the de-
vice is turned off, the MOS channel shuts off resulting in zero base current for the bipolar
transistor. The current is then rapidly decreased to pointb where the current in the MOS-
FET is zero as well as the base current for the BJT. In the high-level injection region,
the current is dominated by diffusion at the ends and drift inthe central region where
the electric field is maximum. When the MOS channel has been turned off, all applied
voltage appears across the MOSFET and thereby will the base-emitter bias for the BJT
be reduced, the current in the emitter will also drop to zero and the rest of the current will
flow in the snubber capacitor. When current flows in the snubber capacitor, the voltage
across the device will rise. This voltage increase will cause an electric field to build up in
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the wide base. A current will then start to flow with electronsflowing towards the IGBT
drain and holes towards the IGBT source. The current together with the recombination
of holes and electrons will cause the concentration of excess carriers to decrease, which
is given by the continuity equation. At the same time as the excess carriers decrease, the
voltage across the device increases and thereby also the electric field. This results in two
conflicting mechanisms, the rising electric field and the reduction of the excess carrier
concentration. As a result, there is a maximum in the productof carrier concentration and
electric field giving the tail current ”bump” at pointc. After the maximum value the tail
current falls to zero with time until pointd. The charge in the tail current changes with the
value of the snubber capacitor. If the value of the capacitoris large, it takes longer time for
the electric field to build up in the device and therefore moreexcess carriers recombine
and do not leave the device in the tail current.

For hard-switching conditions, the dv/dt is larger resulting in an increased electric field.
Then the excess electrons and holes are swept out more rapidly into the collector and
emitter contacts, and the tail current ”bump” is lower.

On-state Losses

The forward conduction voltage drop can be changed by varying the carrier life timeτc,
where an increase inτc results in a decrease inVCE as well as the resistivity of the drift-
region [56]. Also, the buffer layer affects the conductivity of the IGBT. The increased
built-in junction potential due to then+ buffer layer results in a less efficient hole injec-
tion.

4.2 Transformer Losses

For the transformer losses, the losses include both lossesPw in the winding and losses
Pcore in the core. The losses in the windings are calculated from the rms-currentsIpri in
the primary winding andIsec in the secondary winding and the resistancesRpri andRsec

of the transformer windings together with the ac resistancecoefficientsKac,pri andKac,sec

shown in (3.10)-(3.12) using

Pw = Pw,pri + Pw,sec = RpriKac,priI
2

pri + RsecKac,secI
2

sec. (4.17)

The iron losses are obtained from the volume of the coreVcore, the switching frequency
ftr and the peak value of the magnetic fluxBmax using (4.18)

Pcore = K1f
K2

tr BK3

maxVcore. (4.18)
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The constantsK1, K2 andK3 are obtained from the material in the core. As an exam-
ple, for the POWERLITEr inductor core from Metglasr, the losses in the core can be
calculated as

Pcore = 6.5f 1.51
tr B1.74

maxmcore. (4.19)

The lossesPcore are in [W], the frequencyfs in [kHz], the fluxB in [T] and the weight
mcore of the core in [kg] [57]. For non-sinusoidal current and voltage waveforms, the core
losses are given by using the equivalent frequencyfeq

Pcore =
1

τ
K1f

K2−1
eq (Bmax)

K3Vcore, (4.20)

as shown in Section 3.1.1.
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Chapter 5

Design for the DC/DC Converters as
Wind Farm Components

For the design of the DC/DC converters as wind farm components, the operating con-
ditions must be known for the converters in the DC-based windfarm. In this chapter, a
local wind turbine grid with five wind turbines is introducedwhich can be seen as a part
of a large wind farm. Starting from the output from a single wind turbine, the operating
conditions for the converters are lined out using differentcontrol strategies for the voltage
levels in the local grid.

For all three topologies introduced in Chapter 3, a converter is designed for each position
in the local wind turbine grid as specified in Table 5.1. The switching frequency is set to
1 kHz, and suitable modules for semiconductor components are chosen that are connected
in series and parallel to reach the needed current and voltage ratings. The design consid-
erations for these converters will be discussed and a suitable design will be chosen and
used for the loss calculations. As a result, the losses for the different topologies will be
presented both as a function of the wind speed and as a mean value for different average
wind speeds. Further, the different control strategies will be compared both regarding the
energy efficiency and the contribution to the energy production cost.

5.1 Operating Conditions in the DC-based Wind Farm

As stated above, the operating conditions must be known for the investigation of DC/DC
converters in a DC wind farm. The level of the DC output voltage from a wind turbine
depends on the rectifier. If a diode rectifier is used, the voltage varies with the wind speed
while if an IGBT rectifier is used the voltage can be constant for all wind speeds as seen
in Fig. 5.2 b). For all cases, the output voltage of the DC windfarm should be constant,
which is obtained by adjusting the voltage levels with the DC/DC converters if needed in
the DC grid system. In addition, the power flowing through theconverters varies strongly
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Chapter 5. Design for the DC/DC Converters as Wind Farm Components

with the varying wind speed.

5.1.1 Wind Turbine with a DC-Output

The wind turbine with a DC-output differs only in the electrical system compared to the
standard full power converter variable speed wind turbine with an AC-output, as can be
seen in Fig. 5.1, where the block diagram for the wind turbinewith a DC-output is shown.
Compared to the standard system the inverter towards an internal AC-network has been
removed and replaced with a DC/DC converter. The mechanicalsystem consists of the
main shaft and a gear box or only the main shaft if a low speed generator is used. The
generator is here assumed to be a synchronous generator, since the rectifier is assumed
to be a diode rectifier. If instead an IGBT rectifier is used, itwould be possible to use an
asynchronous generator and then achieve a constant output voltage from the rectifier for
all wind speeds. The DC/DC converter in the wind turbine is used as a DC transformer to
increase the rectified voltage to a level suitable for the local wind turbine grid.

Mechanical

system DC

DC

DC

AC
G

Fig. 5.1 Block diagram of the wind turbine with a DC-output.

Rectifier Output

The output from the rectifier depends on the wind speed, the type of generator and the
control strategy. In this thesis it is assumed that the turbine is operated as a variable speed
wind turbine. This means that for low wind speeds, the ratio between the wind speed and
the rotational speed of the turbine is kept constant. The ratio is kept constant until rated
speed of the turbine is reached, after this the speed is kept constant. The rotational speed
is adjusted according to the wind conditions to convert as much wind energy into mechan-
ical (shaft) energy as possible. In Fig. 5.2 a) the output power from the rectifier is shown.
For this turbine, the cut-in wind speed is 4 m/s and the rated rotational speed is reached
at 10 m/s.

Since the synchronous generator is connected to a diode rectifier in Fig. 5.2 a), it is as-
sumed that the output voltage of the rectifier is proportional to the speed of the generator.
The voltage is assumed to be 2 kV at 4 m/s and 5 kV at 10 m/s which can be seen in
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Fig. 5.2 Output from the wind turbine rectifier. a) power, b) voltage and c) current.

Fig. 5.2 b). In the case of a rectifier using IGBTs, the output voltage level can be ad-
justed by the rectifier to be constant 5 kV instead of the varying level, which is shown in
Fig. 5.2 b).

Average Power Loss Calculation

For the evaluation of the different DC/DC converters and control strategies, the average
power loss for the systems will be used. The average power losses or the expected power
losses can be calculated as

Ploss,avg =

∞
∫

0

f(ωw)Ploss(ωw)dωw (5.1)

wheref(ωw) is the probability density function for the wind speed andPloss(ωw) is the
losses as function of the wind speed,ωw. As shown in Chapter 2, the probability distribu-
tion is then given by the average wind speed as

f(w) =
πωw

2ω̄2
w

exp

[

−πω2
w

4ω̄2
w

]

. (5.2)

The average wind speed varies between different locations,average values of 7.2 m/s
and 5.4 m/s have been measured at two different sites in Sweden [24], which here are
considered to be a medium and low wind speed sites. At the windfarm Horns Rev at
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the Danish west coast, the average wind speed is as high as 10 m/s [25]. The probability
distributions for these different average wind speeds are shown in Fig. 5.3.
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Fig. 5.3 Probability distribution for the wind speed.

5.1.2 Design Considerations for the Local Wind Turbine Grid

In Fig. 1.1, it was seen that the turbines are connected in different steps. First a group of
turbines are connected to a DC/DC converter, then this groupis connected to other groups
and further until all turbines have been connected and the transmission voltage has been
achieved.

Starting from a single wind turbine, the output from the rectifier is a relatively low DC
voltage which varies with the wind speed. In a wind farm, the wind speed can vary be-
tween the turbines, resulting in different output voltagesfrom the rectifiers. In the turbine
itself, the DC voltage is transformed to a higher voltage level by the DC/DC converter in
the wind turbine. The wind turbine is connected in parallel with other turbines, resulting
in the same output voltage for all wind turbines in the group.The voltage for the group
is then transformed to a higher level by the next DC/DC converter. From there, the last
DC/DC converter raises the voltage to the transmission level for the HVDC connection.

The output voltage of the rectifiers in the turbines, which vary with the wind speed and
thus varies between wind turbines, should be adjusted to onecommon level for the HVDC
transmission. This could be done in a number of ways, resulting in different demands for
the DC/DC converters. In this thesis two different control strategies are evaluated for the
generating system consisting of a synchronous generator with a diode rectifier, control
strategy 1 and 2. In control strategy 1 the DC/DC converters in the wind turbines handles
all voltage variations. In control strategy 2 the DC/DC converters in the wind turbines only
handles the variations between the wind turbines in the samegroup and the group DC/DC
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converter handles the variations between the groups. Further, the case with an IGBT rec-
tifier with a constant output voltage is also investigated, here called control strategy 3.

Another option could be to remove the DC/DC converter in the wind turbine and thereby
force the output voltages from the wind turbine rectifiers within a group to have the same
voltage. The voltage variations then have to be handled by the upstream DC/DC convert-
ers.

Control Strategy 1

The first control strategy is that each wind turbine will givea constant output voltage
independent of the wind conditions. All voltage variationswill be taken up by the first
converter, and the group DC/DC converter can then have a fixedinput and output volt-
ages. In Fig. 5.4 one group of wind turbines is shown togetherwith the voltage and power
levels.

wind turbines

DC

DCGenerator

and rectifier

0-5 MW

2-5 kV

DC

DCGenerator

and rectifier

0-5 MW

2-5 kV

DC

DC

0-25 MW

15 kV

75 kV

Group

DC/DC

converter
Position 1a

Position 1b

Fig. 5.4 One group of wind turbines and the voltage and power levels for control strategy 1.

From the figure it can be seen that the voltage from the rectifier varies between 2 and 5 kV.
In this case, all voltage variations should be handled by thefirst DC/DC converter. As-
suming that the DC/DC converter can just be used as a step-down converter apart from the
fixed voltage ratio in the high-frequency transformer, the transformer must be designed for
the minimum input voltage and the maximum output voltage. For higher input voltages,
the DC/DC converter lowers the transformation ratio. The range of voltage transforma-
tions, apart from the transformer ratio, for the wind turbine DC/DC converter is 1:1 to
1:0.4 and for the group DC/DC converter 1:1. Since all voltage variations are taken care
of for each individual turbine, there is no need to consider the variations in wind condi-
tions between the turbines. As can be noted, this control strategy needs a DC/DC converter
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with a wide transformation range for the wind turbine, and one with fixed transformation
range for the group converter.

Control Strategy 2

The second strategy is to adjust the voltage level of the turbines to a common variable
voltage level, which then is adjusted by the group DC/DC converter to the fixed output
voltage. In Fig. 5.5 one group of wind turbines is shown as well as the voltage and power
levels used.

Position 2b
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and rectifier
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DC
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6-15 kV

75 kV

Group

DC/DC

converter
Position 2a

Fig. 5.5 One group of wind turbines and the voltage and power levels for control strategy 2.

In this control strategy, the first converter has constant ratio between in the input voltage
and the output voltage except for the adjustment in the case of different wind speeds for
the different turbines. The adjustment of the voltage levels from the different turbines does
not need any special design considerations for the DC/DC converter in the wind turbine.
The output voltage is proportional to the input voltage and the ratio of the converter is
1:1 excluding the transformer ratio. If the voltage levels are different for the different
turbines, the duty cycle can be lowered for the turbines withhighest output voltage. For
the group DC/DC converter, the voltage variations that mustbe handled is the same as
for the wind turbine DC/DC converter in the previous controlstrategy, which is between
1:0.4 and 1:1. As can be noted this control strategy needs a DC/DC converter with a
lower transformation range for the wind turbine DC/DC converter, but a wide range group
DC/DC converter.

Control Strategy 3

The third control strategy is when a wind turbine with a constant output voltage is used as
shown in Fig. 5.5.
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Fig. 5.6 One group of wind turbines and the voltage and power levels for control strategy 3.

As seen in the figure, all DC/DC converters have fixed voltage levels in control strategy 3,
and the range of voltage transformations, apart from the transformer ratio, is 1:1 for both
the wind turbine converter and the group converter.

Summary of the Control Strategies

For the three control strategies shown in Figs. 5.4, 5.5 and 5.6, the resulting demands
for the DC/DC converters in different positions are summarized in Table 5.1. Position 1a
is in the wind turbine and position 1b is for the group of turbines in control strategy 1.
Similarly, positions 2a and 2b are in the turbine and for the group of turbines in control
strategy 2 and the same applies for control strategy 3.

Table 5.1: Operating conditions for the converters.

Converter Input voltage Output voltage Input power

Position 1a 2-5 kV 15 kV 0.2-5 MW

Position 1b 15 kV 75 kV 1-25 MW

Position 2a 2-5 kV 6-15 kV 0.2-5 MW

Position 2b 6-15 kV 75 kV 1-25 MW

Position 3a 5 kV 15 kV 0.2-5 MW

Position 3b 15 kV 75 kV 1-25 MW
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Note that the operating conditions for positions 1b and 3b are identical and the converters
will therefore have the same design. Further, it can be notedthat the output voltage from
the local wind turbine grid is not high enough to be used in an HVDC transmission.
To achieve a complete grid system for a wind farm, an additional step is needed with a
DC/DC converter to achieve the transmission voltage as seenin Fig. 1.1. This DC/DC
converter could be an up-scaled version of the DC/DC converters studied in this thesis.

5.2 Choice of Material and Components

In the design and loss calculations of the converters, the properties of all the components
have to be known. In Chapter 4, the calculation of the losses for the converters are pre-
sented. However, for obtaining results, specific materialsand components must be chosen.
In this section, the choice of components and materials usedin this thesis will be presented
along with its characteristics and parameters.

5.2.1 Choice of IGBT and Diode Modules

As a part of the converter design, the switches must be designed including the number of
series- and parallel connected modules as well as the designof snubber circuits. Since the
voltage level will be high for the switches in the input bridge, 5 kV for the converter for a
wind turbine and 15 kV for the group converter, a number of IGBT modules must be con-
nected in series. Also the current is high, which then requires a number of IGBT modules
connected in parallel. This could be done with the StakPakTM modules from ABB, where
the chosen IGBT module 5SNR 20H2500 has a rated voltage of 2500 V and a rated cur-
rent of 2000 A [52]. For the hard-switching case loss data is available, but unfortunately
there is no loss data available for this IGBT during soft-switching conditions.

Another option for the IGBT switches is an IGBT from Eupec, the FF200R33KF2C IGBT
module with rated voltage 3300 V and rated current 200 A. For this component, data for
losses during hard-switching is found in the data sheet [53]and data for switching losses
during soft-switching conditions are found in [58]. Further, it is assumed that it is possible
to make a single module of 10 parallel connected Eupec IGBT, which then has the same
rated current as the ABB module.

A comparison of the two IGBT modules are found in Table 5.2. Here, the ABB module
is the 5SNR 20H2500 StakPakTM and the Eupec module is a module of 10 parallel con-
nected FF200R33KF2C IGBT.

As seen in the comparison in Table 5.2, there is a difference between the losses for the two
IGBT modules. The ABB module has higher switching losses than the Eupec module but
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Table 5.2: Comparison between the ABB and Eupec IGBT modules.

Value ABB module Eupec module

VCE,max 2.5 kV 3.3 kV

IC,max 2 kA 2 kA

Eon, 1.25 kV, 2 kA 4.0 J 2.53 J

Eoff , 1.25 kV, 2 kA 3.6 J 1.77 J

Pc, 2 kA 4.4 kW 8 kW

Pc, 1 kA 1.8 kW 3 kW

has lower conduction losses. Therefore, the ABB module is preferred for lower switching
frequencies while the lower switching losses of the Eupec module is advantageous for
high switching frequencies.

For the rectifying diode bridge, the ABB StakPakTM diode module 5SNF 20H2500 is
used with maximum voltage 2.5 kV and rated current 2 kA.

5.2.2 Losses for the IGBT and Diode Modules

The conduction lossesPC for both the IGBTs and the diodes are given by

PC = VCIC = ACIC + BCI2
C + CCI3

C (5.3)

as shown in Chapter 4. The conduction losses is a function of the currentIC in the device
and the constantsAC , BC andCC obtained from the relation betweenVC andIC in the
data sheets for the components [52, 51, 53]. The values for the constants are presented
in Table 5.3 for the ABB IGBT module 5SNR 20H2500 (”ABB diode in” and ”ABB
IGBT”), for the ABB diode module 5SNF 20H2500 (”ABB diode out”) and for the Eu-
pec IGBT module FF200R33KF2C (”Eupec diode in” and ”Eupec IGBT”). Note that the
conduction losses for the Eupec diode and IGBT should be calculated for the assumed
module with 10 FF200R33KF2C components connected in parallel.

For the switching losses, is was shown in Chapter 3 that the turn-on losses are negligible
compared to the turn-off losses for the fullbridge converter and the single active bridge
converter. For these converters, the turn-off losses for the IGBT modules are reduced by
using snubber capacitors connected across the devices as shown in sections 3.2 and 3.3,
using the topology of the snubber circuit shown in Section 3.1.5. On the other hand, these
capacitors must be discharged before the device is turned on. If this is not done, the ca-
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Table 5.3: Constants for calculations of conduction lossesin the semiconductor devices.

Component AC BC CC

ABB diode in 1.047 4.94 · 10−4 −3.64 · 10−8

ABB IGBT 1.030 9.13 · 10−4 −3.70 · 10−8

Eupec diode in 0.860 1.25 · 10−3 −1.30 · 10−7

Eupec IGBT 1.140 1.68 · 10−3 −1.38 · 10−7

ABB diode out 1.047 4.94 · 10−4 −3.64 · 10−8

pacitor is discharged through the IGBT and adds losses to that component. For the series
parallel resonant converter, the switching losses are negligible if all switchings occur un-
der zero voltage and/or zero current conditions. For the hard-switching turn-off losses, the
values in the data sheet for the component can be used for the loss calculations. However,
the calculation of turn-off losses when a turn-off snubber capacitor is used to reduce the
losses, needs to be investigated more carefully.

The basic principle of the snubber capacitor to increase therise time of the voltage at turn-
off was shown in Sections 4.1.3. However, as mentioned in Section 4.1.4, the switching
losses for soft-switching conditions are hard to predict. Therefore, the most accurate way
for calculating these losses is to use data from measurements of losses during soft switch-
ing of the IGBT. Results from such measurements are available in [58]. From the mea-
sured data, it was assumed that the switching losses are proportional to both current and
voltage, but the constant is different for the different snubber values. From Section 4.1,
the equation to calculate the turn-off losses during hard-switching is given by

Es,off = ESRoff

VV

Vref

iV
iref

, (5.4)

where the energy dissipated at turn-offEs,off is a function of the voltageVV and the cur-
rentiV at turn-off. The reference valuesESRoff , Vref andiref are given in the data sheet
of the component. In this case, the same equation is assumed to be valid for snubbered
turn-off, even though the value ofESRoff changes with the value of the snubber capac-
itor. From the measured results presented in [58], the values of ESRoff are presented in
Table 5.4 forVref = 1800 V andiref = 2000 A.

In the simulations and loss calculations of the converter topologies, the Eupec IGBT mod-
ule with rated current 2 kA consisting of 10 FF200R33KF2C modules connected in par-
allel is used as shown in Table 5.4.
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Table 5.4: Reference valueESRoff for turn off losses for 10 parallel connected EUPEC
FF200R33KF2C IGBT modules at 1800 V and 2000 A as a function ofthe snubber ca-
pacitor.

Capacitor value ESRoff

Cs = 0 2360 mJ

Cs = 1.0µ F 1750 mJ

Cs = 2.2µ F 1560 mJ

Cs = 4.7µ F 1320 mJ

For the switch that consists of several IGBT modules, the value for the snubber capacitor
must be adjusted according to the number of modules connected in series and parallel.
The voltageVsw, the currentIsw and the capacitorCsw for a switch are distributed to the
voltageVmod, the currentImod and the capacitorCmod for a single IGBT module assuming
ns modules in series andnp modules in parallel as

Vmod =
Vtot

ns

, Imod =
Itot

np

and Cmod = Ctot

ns

np

. (5.5)

The total stored energyWcap in the snubber capacitors for the single modules can then be
calculated as

Wcap = nsnp

1

2
CmodV

2

mod = nsnp

1

2
Ctot

ns

np

V 2
tot

n2
s

=
1

2
CtotV

2

tot, (5.6)

which shows that the turn-on losses due to the energy stored in the capacitors can be
calculated for the whole switch.

5.2.3 Core Material for the Transformers

In the design of the transformer and the inductors shown in Chapter 3 and the calculation
of losses as shown in Chapter 4, the characteristics of the core material must be known.
Here, two different core materials are chosen. The first material is laminated steel NO12
with a thickness of 0.12 mm [59], and the second material is a Metglasr POWERLITEr

core [57]. For both materials, the core losses are given by

Pcore = K1f
K2

tr BK3

maxVcore (5.7)

as stated in Chapters 3 and 4.Pcore is here given in kW, the transformer frequencyftr

in kHz, the peak flux densityBmax in T and the core volumeVcore in m3. The values of
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the constantsK1, K2 andK3 as well as some other characteristics of the materials are
summarized in Table 5.5.

Table 5.5: Characteristics of the core materials for transformer and inductor design.

Parameter Steel core Metglasr core

K1 298 46.7

K2 1.19 1.51

K3 1.65 1.74

Saturation flux ≈ 1.4 T 1.56 T

Density 7.65 g/cm3 7.18 g/cm3

As seen in Table 5.5, the steel core has higher losses than theMetglasr core. On the other
hand, the steel core is less expensive and can be available ina larger number of shapes.
In the loss calculations for the converters, the results using the Metglasr core will be
presented. If the steel core is used, the transformer losseswill be higher but the cost for
the transformer will be lower.

5.2.4 Design Considerations of the Transformer

For the design of the transformer, the design procedure is shown in detail in Chapter 3.
However, there is a large number of possible designs that fulfill the requirements for a
specified converter. These different designs have different sizes and losses for the speci-
fied operating conditions. For the operation in a DC-based wind farm, the converters are
going to be situated in a wind turbine or on an offshore platform. This location makes a
small and less heavy transformer preferable since that is lowering the cost of the material
and the costs for the mechanical as well as the costs for transporting the transformer to its
final location and it makes the design of the mechanical structure easier.

Also a rough estimation was made of the cost of the material compared to the cost of the
losses in the transformer during its lifetime. The cost of the material was then multiplied
several times to also count for the manufacturing costs, thecost for transportation and
other factors. The result was that the transformer with the lowest weight for specified
ratings of voltage, current, transformer ratio and leakageinductance was the most suitable
choice.
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5.3. The Fullbridge Converter

5.3 The Fullbridge Converter

For the fullbridge converter, the design conditions are considered and suitable designs
are obtained for the positions in the wind farm presented in Section 5.1.2. The designs
should have as low losses as possible and also low complexityand weight. To limit the
complexity of the converter, no auxiliary circuits except aturn-off snubber are considered.

5.3.1 Design Criteria

The fullbridge converter has a current-stiff output filter,as seen in Fig. 5.7, resulting in
that the output voltage depends on the input voltage, the duty cycle and also the loss of
duty cycle caused by the switching-time as explained in Section 3.2.2.

Vd
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-
Cin

S1
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S3

S4

D1
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D3

D4

D5

D6

D7

D8

Cload Rload

Lload

Ls Vload

+

-

Fig. 5.7 Topology for the FB converter using phase shift control.

There are some design considerations common for all positions in the wind farm, that are
lined up for the fullbridge converter. The first design criteria is the transformer ratio that
is determined by the highest demanded transformation ratiofor the converter. Since the
fullbridge converter just can operate as a step-down converter apart from the transformer
ratio, the transformer ratio is determined by the highest ratio between the output voltage
and the input voltage. Further, the leakage inductance of the transformer is determined
by the soft-switching requirements of the converter. If thelagging-leg should be soft-
switched, the energy stored in the leakage inductance of thetransformer must be larger
than the energy stored in the snubber capacitors in the lagging leg. Further, the input and
output filters should be designed.

Leakage Inductance and Snubber Capacitors

For investigating the leakage inductance needed for achieving soft-switching of the tran-
sistors, calculations are performed for an ideal converter. First, the ratio of the transformer
n is determined as the largest step-up ratio of the converter.Then, the duty cycleD is cal-
culated

D =
Vload

Vdn
. (5.8)
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After this, the current for the conducting devices in the input bridge is calculated as

iin =
Pin

VdD
, (5.9)

where the currentiin is assumed to be constant during the on-state. Further, the leakage
inductanceLs required for soft-switching of the lagging-leg devices is calculated as

1

2
Lsi

2

in = 2
1

2
CsV

2

d , (5.10)

giving

Ls =
2CsV

2
d

i2in
. (5.11)

The energy required for charging the snubber capacitors in (5.10) is twice the energy
required for one snubber capacitor. This is due to the seriesconnection of two snubber
capacitors (one across each switch) where one capacitor hasto be charged and the other
has to be discharged.

The resulting leakage inductance values required for soft-switching are shown in Fig. 5.8
for (a) position 1a, (b) position 2a and (c) position 3a and inFig. 5.9 for (a) position 1b
and (b) position 2b, where the positions in the local wind turbine grid are shown in Ta-
ble 5.1. Note that the value for the snubber capacitor shown in the figures is the value
for the snubber capacitor for one IGBT module. The total snubber capacitor across one
switch is calculated using (5.5).

In Fig. 5.8 it is shown that a large leakage inductance of the transformer is required to
achieve soft-switching for the lagging leg devices in a large range of operating conditions.
However, there are also drawbacks with a large leakage inductance since there is a loss
of duty cycle for the converter when the current in the transformer reverses direction as
shown in Section 3.2.2. The time∆t for reversing the current fromiin to −iin when the
voltageVd is applied across the leakage inductanceLs is calculated using

∆t = Ls

2iin
Vd

, (5.12)

and the resulting time∆t is shown in Fig. 5.10 for (a) position 1a, (b) position 2a and
(c) position 3a and in Fig. 5.11 for (a) position 1b and (b) position 2b for different wind
speeds.

The resulting time∆t should be compared with the time for one period that is 1000µs. It
is then obvious that it is not reasonable to have a leakage inductance that can achieve soft-
switching over the whole operating range for any of the converters as shown in Figs. 5.8
and 5.9. Since there are two current reversals in each period, a value of∆t of more than
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Fig. 5.8 Leakage inductance required for soft-switching of the lagging leg in the fullbridge con-
verter.

100µs is not reasonable since it would give more than 20 % loss of duty cycle. The value
of the leakage inductance that gives a∆t of 100µs is 230µH for positions 2a and 3 a
and 100µH for position 1a. With these values of the leakage inductance, soft switching
can just be achieved in a few operating points at high wind speeds. At lower wind speeds,
the lagging leg switches are forced to turn on at a finite voltage resulting in large losses
due to the discharge of the snubber capacitors. Therefore, amore suitable option would
be to have the lagging leg hard-switched without snubber capacitors and chose a leakage
inductance below 50µH for a low loss of duty cycle. The same principle applies for con-
verters 1b and 2b as seen in Figs. 5.9 and 5.11.

Another design issue for the fullbridge converter is the time for charging and discharging
the snubber capacitors for the leading leg. Even though there is enough energy in the filter
inductance to charge the capacitors, the time for charging can be a considerable fraction
of the switching period. The time∆tc for charging the capacitors of the leading leg is
calculated using

∆tc = Cs

∆V

iin/2
. (5.13)
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Fig. 5.9 Leakage inductance required for soft-switching of the lagging leg in the fullbridge con-
verter.

The resulting time∆tc for charging the leading-leg snubber capacitors are shown in
Fig. 5.12 for (a) position 1a, (b) position 2a and (c) position 3a and in Fig. 5.13 for (a)
position 1b and (b) position 2b for different wind speeds.

To evaluate the results from Fig. 5.12, it should be noted that a time of 10µs for charging
the capacitors corresponds to 2 % of the switching cycle. Thereby, an assumption is made
that the maximum time allowed for charging the capacitors is20 µs, equal to 4 % of
the switching cycle. This will then result in turn-on lossesat low wind speeds where the
snubber capacitor is not discharged before the switch is turned on.
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Fig. 5.10 Time∆t for current reversal as a function of the leakage inductance.
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Fig. 5.11 Time∆t for current reversal as a function of the leakage inductance.
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Fig. 5.12 Time∆tc for charging the lagging-leg capacitors.
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Fig. 5.13 Time∆tc for charging the lagging-leg capacitors.
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Filter design

For the operation of the converter both input and output filters are needed. The input filter
is simplified as a large capacitor which provides a constant input voltage to the IGBT
bridge even if the input current is not constant. Assuming that the peak-to-peak ripple in
the input voltage∆Vin is expressed as

∆Vin =
1

Cin

(Iloadn − Iin)
Ts

2

Vload

Vinn
, (5.14)

whereIin is the average of the input current,Iload is the average output current,Vin is the
input voltage,Vload is the output voltage,Cin is the value of the input capacitor,n is the
transformer ratio andTs is the switching period. The minimum value ofCin is then given
by

Cin = 5
TsVload

V 2
inn

(Iloadn − Iin) . (5.15)

The resulting values for the input capacitor is summarized for the different positions in
Table 5.6.
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Fig. 5.14 Minimum input capacitorCin for the FB converter.

It can be seen that the converters with varying ratio betweenthe input voltage and the
output voltage have the highest requirements for the input capacitor. The converters with
constant voltage ratio can have a almost full duty cycle at all wind speeds and the the
stresses for the input filter will then be low.

The output filter for the fullbridge converter will be simplified to a larger filter inductance
due to its current stiff characteristics. To calculate thisinductanceLload, the peak-to-peak
ripple in the output current is calculated as
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∆Iload = (Vinn − Vout)
Ts

2

Vout

Vinn

1

Lload

. (5.16)

Assuming that the maximum current ripple∆Iload = 0.1Iload, the minimum value for the
filter inductance can be calculated as

Lload =
Ts

0.2Iload

(

Vload −
V 2

out

Vinn

)

, (5.17)

and the results are shown in Fig. 5.15.
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Fig. 5.15 Minimum output inductanceLload for the FB converter.

From the results, it can be seen that the largest value of the inductance needed to maintain
the current ripple∆Iload below 10 % of the output current occurs at low power levels.
Since the value of the inductance is large, the converter would be both less heavy and less
expensive if the value of the inductance can be decreased. InTable 5.6 both the value of
the inductance needed to limit the current ripple at all windspeeds is presented as well as
the value needed for limiting the current ripple below 10 % atwind speeds above 8 m/s.
Also, just as for the input capacitor, a larger value is needed for the converters with a
varying voltage ratio.

Table 5.6: Minimum values for the filter components for the FBconverters.

Pos. 1a Pos. 2a Pos. 3a Pos. 1b Pos. 2b

Cin 641µF 97µF 97µF 49µF 360µF

Lload 700 mH 90 mH 530 mH 2400 mH 3800 mH

Lload, > 8m/s 305 mH 35 mH 55 mH 240 mH 1540 mH
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5.3.2 Losses in the Fullbridge Converter

In this section, the losses in the fullbridge converter are plotted for different values of the
snubber capacitor. Assuming that the snubber capacitor across a single IGBT module is
given by the values used in [58], the total snubber capacitorfor a switch is determined by
the number of modules connected in series and parallel. The formula for calculating the
total snubber capacitorCsw is

Csw = Cmod

np

ns

, (5.18)

whereCmod is the snubber capacitor for one module andnp andns are the numbers of
modules connected in parallel and series. In the resulting losses, the value of the snubber
capacitor is the value of the snubber capacitor for one module.

The results from the loss calculations are shown for the different positions for different
values of the snubber capacitor in Fig. 5.16 for positions 1a, 2a and 3a and in Fig. 5.17
for positions 1b and 2b. The loss distribution for the converters using snubber capacitor
Cs = 1 µF are then shown in Figs. 5.18 and 5.19 and the losses are summarized in Ta-
bles 5.7 and 5.8 for an average wind speed of 7.2 m/s.

Table 5.7: Losses for different values of the snubber capacitor Cs for positions 1a, 2a and
3a.

Position Cs = 0 Cs = 1 µF Cs = 2.2µF Cs = 4.7µF

Pos. 1a 57 kW 55 kW 55 kW 54 kW

Pos. 2a 29 kW 28 kW 28 kW 27 kW

Pos. 3a 29 kW 28 kW 31 kW 47 kW

Table 5.8: Losses for different values of the snubber capacitor Cs for positions 1b and 2b.

Position Cs = 0 Cs = 1 µF Cs = 2.2µF Cs = 4.7µF

Pos. 1b 195 kW 192 kW 192 kW 214 kW

Pos. 2b 321 kW 312 kW 310 kW 317 kW

For each position in the local wind turbine grid, a suitable snubber capacitor should be
chosen. From Table 5.7 it can be seen that the converter for both position 3a has the lowest
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Fig. 5.16 Losses as a fraction of input power for the FB converter for positions 1a, 2a and 3a.

losses using the snubber capacitor Cs = 1 µF, while the converters for positions 1a and 3a
have the lowest losses with the snubber capacitor Cs = 4.7µF. For position 1b, as seen in
Table 5.8, the lowest losses are achieved with snubber capacitor Cs = 1 µF or Cs = 2.2µF
and for position 2b, the lowest losses are achieved with snubber capacitor Cs = 2.2µF. In
the cases where the losses are similar for different snubbercapacitors, the capacitor with
the lowest value is chosen to reduce the cost and increase theswitching speed.

The resulting losses for the fullbridge converter shows clearly that a constant ratio be-
tween the input and output voltage reduces the losses for theconverter. Since the out-
put voltage basically is the input voltage times the duty ratio, the duty ratio can be kept
constant at a high value. For positions 2a, 3a and 1b, the converter has a constant trans-
formation ratio which results in low losses, especially at high wind speeds as shown in
Figs. 5.16 and 5.17. If the ratio between the input and the output voltage varies as for
positions 1a and 2b, the converter has to be designed for the highest transformation ratio
leading to a higher ratio of the transformer. This results ina decrease in the duty cycle at
high wind speeds where the ratio of the transformer is considerably higher than the de-
sired transformation ratio and the voltage levels are the same for all converters. Since the
ratio of the transformer is higher, the current at turn-off in the switches will be higher than
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Fig. 5.17 Losses as a fraction of input power for the FB converter for positions 1b and 2b.

for the converters with constant voltage ratio and thereby alower ratio of the transformer.
A higher current at turn-off gives higher turn-off losses and thereby higher losses for the
converters. Also, the high current will flow in the semiconductor components even in the
off-state, giving high conduction losses.

Another source of increased losses due to the wide range of operating conditions is the
limited design of the snubber capacitors. The complexity ofthe converters should be kept
as low as possible whereby no additional circuits apart fromthe turn-off snubbers are
allowed. Due to this, the value of the snubber capacitor is limited due to the high voltage
and low current at low wind speeds, where the time for discharging the capacitors is
longer than the allowed delay between turn-on and turn-off.A large snubber capacitor will
then cause large turn-on losses at low wind speeds while a smaller snubber capacitor not
leading to any turn-on losses will not give any significant reduction in turn-off losses. The
lowest losses are obtained by the converter at position 2a that has constant voltage ratio
and also lower voltage levels at lower power levels. Also, the leakage inductance in the
transformer required for discharging the capacitors in thelagging leg at low wind speeds
is too large whereby that leg will be hard-switched. For all converters the efficiency at the
lowest wind speed is low since the transferred power is as lowas 4 % of the maximum
power and the converter is drastically over-rated.
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Fig. 5.18 Loss distribution for the FB converter for positions 1a, 2a and 3a with snubber capacitor
Cs = 1 µF.
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Fig. 5.19 Loss distribution for the FB converter for positions 1b and 2b with snubber capacitor
Cs = 1 µF.
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5.4 The Single Active Bridge Converter

For the single active bridge converter, design conditions have been presented in [10] as
well as different control methods for the converter. Here, the control methods used in this
thesis will be presented and, just as for the fullbridge converter, designs will be made for
each position in the local wind turbine grid. Then the losseswill be evaluated for each
position using both control methods.

5.4.1 Control Methods

In [10], the control of the single active bridge converter isdiscussed and here two of the
control methods are presented that will be used in this thesis.

Turn-off Time Control Operating at DCM

The first control method used for the single active bridge converter is called turn-off
time control operating at discontinuous conduction mode (DCM) described in [10]. The
switching frequency is constant for this control method, and the power flow is instead
limited by lowering the duty cycle for the transistors. As a result of this there will be an
off-time between the time-point when the current through the diodes has decreased to zero
and the time instant when the transistors starts conducting. Since the switching frequency
is constant, the designs of the transformer and the filters are easier to optimize. On the
other hand, the power flow will be interrupted in the discontinuous conduction mode and
there will be turn-on losses when the snubber capacitors aredischarged at turn-on after an
off-period.

Variable Frequency Control

The second control method is the variable switching frequency control [10]. For this con-
trol method, there is no off-time between the current through the diodes has decreased to
zero and the transistors starts conducting. Consequently,the transistors can be turned on
while the freewheeling diodes are conducting and there are no turn-on losses. The control
is achieved by varying the switching frequency, where an increase in the frequency in-
creases the impedance of the leakage inductance and therebylimits the transferred power.
However, this control method will give large frequency variations for the wide range of
operating conditions for a wind turbine. Thereby, it is hardto find designs for both the
transformer and the filters suitable for all operating points.

5.4.2 Design Criteria

For the single active bridge converter seen in Fig. 5.20, thedesign of the converter is ba-
sically the choice of the leakage inductance of the transformer and the transformer ratio,
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which determines the operation of the converter as shown in Section 3.3.
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Fig. 5.20 Topology for the SAB converter.

For the single active bridge converter, sources for increased losses compared the the full-
bridge converter are the turn-on losses due to the dischargeof the snubber capacitors and
the larger turn-off losses due to the triangular current waveform. The turn-on losses can
only be reduced by turning the switch on while the freewheeling diode is conducting as
in the variable frequency control. However, that results inan increased frequency which
gives larger turn-off losses whereby this frequency variations should be limited as much as
possible. Also, for the constant frequency control, the turn-off losses increase if the duty
cycle is low since the current at turn-off is higher than in the case of a higher duty cycle
with the same operating conditions. Consequently, both control strategies would benefit
from a converter design that is operating as close to the desired frequency or the desired
duty cycle as possible for all operating points. For the design of the converter, the case
with constant frequency control which results in the current waveform in the transformer
as shown in Fig. 5.21 will now be considered.

time

itr

tup tdown toff

ts

imax

Fig. 5.21 Principal current waveform in the transformer for the single active bridge with constant
frequency control.

Using these waveforms, the design of the converter can be investigated using ideal compo-
nents. Assume an input voltage Vin on the input of the transformer, and an output voltage
Vout on the secondary side of the transformer. To simplify the calculations, Vout is down
scaled to the primary side of the transformer. Further, the leakage inductance of the trans-
former seen from the primary side is Ls, the peak current is imax and the transferred power
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is Ptr. The rise time tup, the fall time tdown and the off time toff of the transformer current
can be calculated using

tup =
Ls

Vin − Vout

imax, (5.19)

tdown =
Ls

Vin + Vout

imax (5.20)

and

toff = ts − tup − tdown. (5.21)

Further, the transferred power Ptp can be expressed as

Ptp =
tup − tdown

ts

Vinimax

2
. (5.22)

Using (5.19)-(5.22), the peak current imax can be expressed as

imax =

√

Ptpts(V
2
in − V 2

out)

VinVoutLs

. (5.23)

Knowing the peak current, toff can be calculated using (5.21). The aim of the design is to
minimize the off-time toff as much as possible. Sine the input voltage Vin, the transferred
power Ptp and the cycle period ts are known, the value of the leakage inductance Ls and
the transformer ratio giving Vout are varied and toff is plotted in Figs. 5.23 and 5.25. In
order to explain the design results, the off-time is eliminated and expressed as

toff = ts −
√

Ptpts4VinLs

(V 2
in − V 2

out)Vout

. (5.24)

Wind Turbine Converters, Positions 1a, 2a and 3a

Using (5.24), the transformer ratio that gives zero off-time can be calculated for different
values of the leakage inductance Ls. This is done for all wind speeds for the converters at
positions 1a, 2a and 3a and the resulting values are shown in Fig. 5.22.

It should be noted that the conditions for the wind speeds 10,11 and 12 m/s are the same
for all converters. In Fig. 5.22, the values of the transformer ratio and the leakage induc-
tance that give zero off-time are shown. It is obvious that there is no design that gives zero
off-time for all operating conditions. From (5.24), it is seen that an increase of the leakage
inductance would give a negative off-time, which is not possible. Therefore, the allowed
values of the leakage inductance are the values that are lower than the values indicated
in the figure. For the single active bridge converter at position 1a as seen in Fig. 5.22 (a),

89



Chapter 5. Design for the DC/DC Converters as Wind Farm Components

0 50 100 150 200 250 300 350 400
7

7.5

8

8.5

9

Leakage inductance [µ H]

tr
an

sf
or

m
er

 r
at

io
4 m/s
5 m/s
6 m/s
7 m/s
8 m/s
9 m/s
10 m/s
11 m/s
12 m/s

(a) Position 1a.
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Fig. 5.22 Transformer ratio and leakage inductance for zero off-timefor the SAB converter.

there is a crossing point where there is zero off-time for both wind speeds 12 m/s and
4 m/s, and these values are therefore chosen for the design ofthe converter. For the con-
verters for positions 2a and 3a, any of the designs giving zero off-time for wind speed
12 m/s can be used as shown in Figs. 5.22 (b) and 5.22 (c). Sincethere is no significant
difference between the possible designs for position 2a and3a, the same design in chosen
as for position 1a.

The values for the leakage inductance and the transformer ratio are obtained from ap-
proximate calculations and must therefore be slightly adjusted to give zero off-time at
12 m/s in the simulation model. The resulting design values are then a leakage inductance
Ls = 200µH and a transformer ratio of 7.9. The resulting off-time for the different con-
verters are shown in Fig. 5.23, and are compared with the obtained off-times from the
simulations.

In Figs. 5.23 (a) and 5.23 (b), it can be seen that the converters for position 1a and 2a
have similar off-times except for the operating point wherethe wind speed is 4 m/s. The
converter for position 3a has longer off-time than the othertwo converters, as seen in
Fig. 5.23 (c).
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(a) Position 1a.
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(b) Position 2a.

4 5 6 7 8 9 10 11 12
0

100

200

300

400

500

wind speed [m/s]

of
f−

tim
e 

[µ
 s

]
calc. values
sim. values

(c) Position 3a.

Fig. 5.23 Resulting off-time from the design program for the single active bridge converter.

Group Converters, Positions 1b and 2b

For the single active bridge converters used as group converters, the design is made in the
same way as for the converters for one wind turbine. Since theconverters for position 1b
and 3b are identical, designs are just made for position 1b and 2b. In Fig. 5.24, the trans-
former ratio that gives zero off-time is presented for positions 1b and 2b as a function of
the leakage inductance Ls.

In Fig. 5.24 (b), it can be seen that the design conditions forposition 2b are similar as for
position 1a in Fig. 5.22 (a). The values for the transformer are then chosen in the same
way, namely the values that gives zero off-time for both 4 m/sand 12 m/s, resulting in a
leakage inductance Ls = 367µH and a transformer ratio of 13. For position 1a, the trans-
former parameters can be chosen more freely in Fig. 5.24 (a),and for simplicity the same
transformer is chosen. The resulting off-time for position1b and 2b are then shown in
Fig. 5.25.

In Fig. 5.26, the resulting switching frequency is shown forthe converters in the case of
variable frequency control.
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Fig. 5.24 Transformer ratio and leakage inductance for zero off-timefor the SAB converter.
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Fig. 5.25 Resulting off-time from the design program for the single active bridge converter.

It is shown that the switching frequency stays within reasonable values for all converters
except for positions 3a and 1b where the resulting switchingfrequency will be up to
12 kHz for position 1b and 20 kHz for position 3a.

Filter Design

In the single active bridge converter, both the input filter and the output filter are voltage
stiff and are therefore simplified as capacitors. Just as forthe input filter for the fullbridge
converter, the value for the capacitor is calculated that keeps the peak-to-peak voltage
ripple within 10 % of the average value of the voltage. Starting with the input capacitor
Cin, the voltage ripple∆Vin can be expressed as

∆Vin =
1

Cin

(

tupimax

2
− tupIin

(

1 − 1

2

Iin

imax

))

, (5.25)

whereIin is the input current,tup is the rise time of the current as defined in (5.19) and
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Fig. 5.26 Switching frequency for the SAB converter using variable frequency control.

imax is the peak current as shown in (5.23). Assuming that∆Vin = 0.1Vin the capacitor
value can be expressed as

Cin =
10

Vin

(

tupimax

2
− tupIin

(

1 − 1

2

Iin

imax

))

. (5.26)

Similar to the input capacitor, the capacitor for the outputfilter is calculated as

Cload =
10

Vload

(

(tup + tdown)imax/n

2
− (tup + tdown)Iload

(

1 − 1

2

Iload

imax/n

))

. (5.27)

The resulting values for the input capacitor are shown in Fig. 5.27 and the values for the
output capacitor are shown in Fig. 5.28. Also, the resultingvalues are summarized in Ta-
ble 5.9.
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Fig. 5.27 Minimum input capacitorCin for the SAB converter.
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Fig. 5.28 Minimum output capacitorCload for the SAB converter.

Table 5.9: Minimum values for the filter components for the SAB converters.

Pos. 1a Pos. 2a Pos. 3a Pos. 1b Pos. 2b

Cin 1200µF 1200µF 1200µF 440µF 440µF

Cload 28µF 28µF 28µF 10µF 10µF

For the single active bridge converter, the designs for the wind turbine converters are the
same independent of the control method as shown previous in this section. And since the
largest value of the capacitor is required at high wind speeds where the voltage levels
also are the same for the different control strategies, the demand for maximum input and
output capacitors are the same for the different designs. This also applies for the group
converters at positions 1b and 2b.
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5.4.3 Losses in the Single Active Bridge Converter

For each position in the local wind turbine grid, the total losses are plotted as a function
of wind speed, and there is also an average loss calculation for the average wind speed
7.2 m/s. For each position, the different losses are presented for the constant frequency
control as well as for the variable frequency control using different values of the snub-
ber capacitors. The first converters to be considered are theconverters for a single wind
turbine, i.e. converters for positions 1a, 2a and 3a.

Wind Turbine Converters, Positions 1a, 2a and 3a

Starting with the single active bridge converter operatingas a wind turbine converter at
positions 1a, 2a and 3a, the resulting losses are plotted as afraction of the input power in
Fig. 5.29 for position 1a, in Fig. 5.30 for position 2a and in Fig. 5.31 for position 3a for
a) constant frequency control and b) variable frequency control.
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(a) Position 1a with constant frequency control.
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(b) Position 1a with variable frequency control.

Fig. 5.29 Losses as a fraction of input power for the SAB converter for position 1a.

Also, the losses are divided into different loss componentsfor each converter using the
snubber capacitor Cs = 1.0µF, which is shown in Fig. 5.32 for position 1a, in Fig. 5.33
for position 2a and in Fig. 5.34 for position 3a.

The loss calculations are summarized in Table 5.10, where the mean value of the losses
are calculated for an average wind speed of 7.2 m/s.

Starting with position 1a, it can be seen in Fig. 5.29 that thelosses increase for increasing
snubber value for the constant frequency control due to the high turn-on losses at dis-
charge of the snubber capacitors. For the variable frequency control, a lossless snubber
capacitor can be used that lower the turn-off losses but doesnot give any turn-on losses.
However, the switching frequency is higher for the variablefrequency control resulting in
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(a) Position 2a with constant frequency control.
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(b) Position 2a with variable frequency control.

Fig. 5.30 Losses as a fraction of input power for the SAB converter for position 2a.
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(a) Position 3a with constant frequency control.
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(b) Position 3a with variable frequency control.

Fig. 5.31 Losses as a fraction of input power for the SAB converter for positions 3a.

higher turn-off losses. The lowest losses are achieved whenthe variable frequency con-
trol is used with snubber capacitor Cs = 4.7 µF. In the loss distribution in Fig. 5.32 it
is clearly shown that the turn-on losses is the large difference in losses between the two
control strategies. There is a slight increase in turn-off losses for the variable frequency
control, but that difference is smaller than the turn-on losses. In Table 5.10 it is shown
that the constant frequency control has lower losses than the variable frequency control
without the snubber capacitor due to the lower turn-off losses. However, when a snub-
ber capacitor is inserted, the losses are reduced for the variable frequency control while
the losses are increased for the constant frequency control. The lowest losses would be
achieved with variable frequency control and Cs = 4.7µF, which also is the chosen design.

Then, the same comparison between different control strategies and capacitor values are
made for position 2a. The results for wind speeds 10 to 12 m/s are the same as for position
1a since the voltage levels are constant. For both control methods, the losses are similar
as for position 1a except for the lowest wind speeds where thelosses are increased due to
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(a) Position 1a with constant frequency control.
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(b) Position 1a with variable frequency control.

Fig. 5.32 Loss distribution for the SAB converter for position 1a withsnubber capacitor
Cs = 1.0µF.
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(a) Position 2a with constant frequency control.
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(b) Position 2a with variable frequency control.

Fig. 5.33 Loss distribution for the SAB converter for position 2a withsnubber capacitor
Cs = 1.0µF.

a longer off-time or an increased frequency depending on thecontrol method. The lowest
losses for position 2a are obtained using the variable frequency control with snubber ca-
pacitor Cs = 4.7µF as seen in Table 5.10, and this is also the chosen design.

Also for position 3a, the losses at high wind speeds are the same as for position 1a since
both the design of the converter and the voltage levels are the same. At lower wind speeds
the losses are increased more than for the other positions. This increase in losses is mainly
caused by the increased off-time at lower wind speeds as shown in Fig. 5.23 (c). The low-
est losses are obtained for variable frequency control and snubber capacitor Cs = 4.7µF
as shown in Table 5.10, and this is the chosen design. However, it should be noted that
the maximum switching frequency is 20 kHz instead of the rated 1 kHz and if this is a
problem the constant frequency control without a snubber capacitor should be used.
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(a) Position 3a with constant frequency control.
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(b) Position 3a with variable frequency control.

Fig. 5.34 Loss distribution for the SAB converter for position 3a withsnubber capacitor
Cs = 1.0µF.

Table 5.10: Losses for different values of the snubber capacitor Cs for positions 1a, 2a
and 3a at the average wind speed 7.2 m/s.

Position Control Cs = 0 Cs = 1 µF Cs = 2.2µF Cs = 4.7µF

Pos. 1a Const. freq. 73 kW 75 kW 84 kW 108 kW

Pos. 1a Var. freq 76 kW 67 kW 64 kW 60 kW

Pos. 2a Const. freq. 77 kW 77 kW 84 kW 101 kW

Pos. 2a Var. freq 79 kW 70 kW 67 kW 64 kW

Pos. 3a Const. freq. 78 kW 82 kW 96 kW 128 kW

Pos. 3a Var. freq 94 kW 81 kW 76 kW 71 kW
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Group Converters, Positions 1b and 2b

For the single active bridge converter as a group converter at positions 1b, 2b and 3b, the
resulting losses are plotted as a fraction of the input powerin Fig. 5.35 for position 1b and
in Fig. 5.36 for position 2b for a) constant frequency control and b) variable frequency
control. The converter for position 3b is the same as the converter for position 1b.
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(a) Position 1b with constant frequency control.
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(b) Position 1b with variable frequency control.

Fig. 5.35 Losses as a fraction of input power for the SAB converter for positions 1b and 3b.
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(a) Position 2b with constant frequency control.
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(b) Position 2b with variable frequency control.

Fig. 5.36 Losses as a fraction of input power for the SAB converter for position 2b.

In the same way as for the wind turbine converters, the lossesare divided into different
loss components for each converter using the snubber capacitor Cs = 1.0 µF, which is
shown in Fig. 5.37 for position 1b and in Fig. 5.38 for position 2b.

The summary of the loss calculations is done in Table 5.11, with the mean value of the
losses for an average wind speed of 7.2 m/s.
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(a) Position 1b with constant frequency control.
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(b) Position 1b with variable frequency control.

Fig. 5.37 Loss distribution for the SAB converter for position 1b and 3b with snubber capacitor
Cs = 1.0µF.
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(a) Position 2b with constant frequency control.
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(b) Position 2b with variable frequency control.

Fig. 5.38 Loss distribution for the SAB converter for position 2b withsnubber capacitor
Cs = 1.0µF.

For the converter for positions 1b and 3b, there are high losses for low wind speeds just as
for position 3a due to the long off-time at low wind speeds. There is also higher turn-on
losses compared to positions 1a, 2a and 3a due to the higher voltage level at the input for
the group converter. The lowest average losses are achievedby variable frequency control
and Cs = 4.7µF as shown in Table 5.11. It should be noted that for the variable frequency
control, the switching frequency is as high as 13 kHz at low wind speeds.

For position 2b the loss distribution is similar as for position 1b, but the losses are lower
for low wind speeds since the off-time is not as long as for converter 1b. The lowest losses
are achieved with variable frequency control and the snubber capacitor Cs = 4.7µF.
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5.4. The Single Active Bridge Converter

Table 5.11: Losses for different values of the snubber capacitor Cs for positions 1b and
2b at the average wind speed 7.2 m/s.

Position Control Cs = 0 Cs = 1 µF Cs = 2.2µF Cs = 4.7µF

Pos. 1b Const. freq. 466 kW 458 kW 487 kW 548 kW

Pos. 1b Var. freq 537 kW 467 kW 445 kW 418 kW

Pos. 2b Const. freq. 367 kW 364 kW 394 kW 430 kW

Pos. 2b Var. freq 379 kW 338 kW 325 kW 309 kW
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5.5 The Series Parallel Resonant Converter

The series parallel converter was introduced in Section 3.4, where it was shown that the
only way to control the converter is to change the off-time between the pulses. In this
case, the resonant converter is operated in discontinuous conduction mode. It has been
shown that the resonant converters has lowest losses when operating in the continuous
conduction mode with snubber capacitors across the switches [38]. However, with the
wide range of operating conditions shown in the previous section, the converter can not
operate in the continuous conduction mode for all operatingpoints. The snubber capaci-
tors would then give large turn-on losses in the other cases,and therefore the converter is
operated in discontinuous conduction mode for all operating points.

The design of the resonant converters must be made at the operating point with maximum
transferred power. Since the maximum switching frequency should be 1 kHz and the
converter should operate in discontinuous conduction mode, the resonant frequency was
set tof0 = 2 kHz. For lower power levels, the off-time between the pulses is increased.
Just as in the case with the single active bridge converter, the high peak current results
in that the number of modules in the input switches must be increased compared to the
fullbridge converter.

5.5.1 Design Criteria

As shown in Section 3.4 and presented in Fig. 5.39, the seriesparallel resonant converter
contains a resonant tank with a series capacitorCr, a series inductanceLr and a parallel
capacitorCp. This resonant tank has to be designed as well as the input filter and the
output filter.

Vin

+

-

Lr

Vout

+

-

Cr

Cp

S1

S2

S3

S4

D1

D2

D3

D4

D5

D6

D7

D8

Cin Cload Rload

Lload

Fig. 5.39 Topology for the LCC converter.

Design of the Resonant Tank

The characteristics of the series parallel resonant converter depends on the operating point
of the converter. For a small load resistance, the parallel capacitor can be seen as almost
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5.5. The Series Parallel Resonant Converter

short circuited by the load resistance and the converter will therefore behave as a series
resonant converter. On the other hand, at high values of the load resistance, the characteris-
tics of the converter will become more similar to the parallel resonant converter [38]. The
main disadvantage of the series parallel resonant converter is that the output voltage can
not be controlled in the no-load case. Since the series parallel resonant converter behaves
as a parallel resonant converter at low loads, this disadvantage is eliminated. However, a
large value of the parallel capacitorCp results in a significant current needed for charging
and discharging the capacitor once each resonant period. A large increase in the currents
in the switches leads to increased conduction losses, whichis not desirable. The choice
of Cp is then a trade-off between the good operating characteristics of a high value ofCp

and the lower conduction losses for a low value ofCp. In [38], a ratioCr/Cp = 1 is stated
as a good trade-off. In [9], a design withCr/Cp = 0.3 is preferred since it results in lower
stresses for the components and lower conduction losses.

In this design, the main focus is on achieving as low losses aspossible and also low
stresses for the components whereby a low value ofCp is desirable. Assuming that the
value ofCp is low enough for the converter to behave as a series resonantconverter at
high loads, the converter can be designed as a series resonant converter. The converter
is designed for the highest wind speed, which has the highesttransferred power, and can
then also handle the lower power levels at lower wind speeds by decreasing the switching
frequency. First, the angular resonance frequencyω0 of a series resonant converter is
calculated as

ω0 =
1√

LrCr

, (5.28)

and the characteristic impedance is calculated as

Z0 =

√

Lr

Cr

. (5.29)

Combining 5.28 and 5.29 the values for the resonant componentsLr andCr are given by

Cr =
1

Z0ω0

and Lr = CrZ
2

0 . (5.30)

The angular resonance frequencyω0 is determined by the desired switching frequency.
Assume that the switching frequencyfs for maximum power is 1 kHz, the resonance
frequencyf0 should bef0 = 2fs = 2kHz. The characteristic impedanceZ0 for a series
resonant converter depends on the input voltage and the current as [12]

Z0 =
Vd

Ibase

. (5.31)

Further, the base currentIbase can be approximated asIbase ≈ 2Iload, whereIload is the av-
erage value of the load current. Note that the transformer ratio must be taken into account.
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Since the calculated value ofZ0 applies for a series resonant converter and no losses are
considered in the calculations, the value ofZ0 must be slightly modified for the converter
to have the desired characteristics in the simulations.

The value ofCp/Cr is chosen to be between 0.12 and 0.19 to limit the current needed for
charging the parallel capacitorCp. For the converters designed for one turbine, positions
1a, 2a and 3a, the same design of the converters can be used. This is due to that the opera-
tion conditions are identical for the highest wind speeds, which also determines the design
of the converter. For operating at lower wind speeds, the converter achieves the correct
output voltage by lowering the switching frequency. For thegroup DC/DC converter, the
design for converter differs between the different controlstrategies. For position 2b, the
transformer must have a minimum ratio of75/6 = 12.5 for achieving an output voltage
of 75 kV at wind speed 4 m/s since the series resonant converter just can operate as a
step-down converter. The converter for position 1b needs a minimum transformer ratio of
75/15 = 5 and therefore is the design for converter 2b not suitable forconverter 1b. Also,
the larger transformer ratio for position 2b gives a lower voltage and higher current on
the primary side of the transformer. This results in that a smaller amount of the input cur-
rent is needed to charge the parallel capacitorCp, and therefore the slightly higher value
Cp/Cr = 0.19 is chosen in this case. For position 1b, the voltage is higherand the current
is lower for the primary side of the transformer and therefore a lower valueCp/Cr = 0.12

is chosen. The resulting parameters for the resonant converters are shown in Table 5.12.

Table 5.12: Values for the components in the resonant tank.

Positions 1a, 2a and 3a 1b 2b

Parallel capacitor Cp 10.0µF 3.0µF 8.0µF

Resonant capacitor Cr 69.2µF 24.3µF 41.9µF

Resonant inductanceLr 91.5µH 310µH 151µH

Transformer ratio n 7.75 7.42 13.42

These values are used for simulating the resonant converters for all positions and for wind
speeds between 4 and 12 m/s. The resulting frequencies for the resonant converter are
shown in Fig. 5.40.

The converters for positions 1b and 3a have the largest decrease in switching frequency
at low wind speeds. This is due to the constant voltage levelsand the decreasing power.
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Fig. 5.40 Switching frequency for the resonant converter using variable frequency control.

If the voltage levels are constant, the current pulses are identical and the switching fre-
quency must be roughly proportional to the transferred power. For converter 2a, both the
input and output voltages are lower at lower wind speeds giving lower peak current and
lower energy contents in each resonant pulse at lower wind speeds. The decrease in the
switching frequency is then considerable lower than for theother positions. Finally, for
positions 1a and 2b the input voltage is lowered at low wind speeds while the output
voltage is constant resulting is a decrease of the frequencyin between converter 2a and
converters 1b and 3a. At wind speed 4 m/s there is an increase in the frequency since the
ratio of the transformer is not much larger than the ratio between the output voltage and
the input voltage.

Filter Design

For the resonant converter, as well as for the single active bridge converter, both the input
filter and the output filter are voltage stiff and can be simplified as capacitors. Starting
with the input filter, the ripple in the input voltage∆Vin can be calculated as

∆Vin =
1

Cin

(

2imax

ω0

− Iin

ω0

(

π − Iin

ω0imax

))

, (5.32)

whereimax is the peak current in the resonant pulse on the primary side,Iin is the DC
input current andCin is the value of the input capacitor. Assuming that the maximum
peak-to-peak voltage ripple is∆Vin = 0.1Vin, the minimum value of the input capacitor
is calculated as

Cin =
10

Vin

(

2imax

ω0

− Iin

ω0

(

π − Iin

ω0imax

))

. (5.33)

The resulting values for the input capacitorCin are shown in Fig. 5.41. It can be seen that
the value needed for limiting the voltage ripple increases with decreasing wind speed.
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This is due to the decreasing frequency resulting in an increasing off-time between the
current pulses at low wind speeds. The only exceptions are positions 1a and 2b where the
switching frequency increases at the lowest wind speeds andthe needed capacitor will
therefore increase. Position 2b has a higher demand for the input capacitor since the large
transformer ratio requires a large current on the primary side.
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(a) Positions 1a, 2a and 3a.
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Fig. 5.41 Minimum input capacitorCin for the LCC converter.

For the output capacitorCload, the value is calculated in two different ways depending
on if the output currentIload is larger than the peak currentimax2 of the secondary reso-
nant swing (when the freewheeling diodes are conducting in the input bridge). In the
calculations ofCload, the peak currentsimax andimax2 refer to the secondary side of the
transformer, as in (5.34) and (5.35). The results for the output capacitor are similar as the
results for the input capacitor, a lower wind speeds gives larger off time and a larger ca-
pacitor is needed, except for positions 1a and 2b where the switching frequency increases
at the lowest wind speeds.

Cload =
10

Vload

(

2imax

ω0

− Iload

ω0

(

π − Iload

ω0imax

))

if Iload > imax2 (5.34)

Cload =
10

Vload

(

2

ω0

(imax + imax2) −
2Iloadπ

ω0

+
I2
load

ω2
0

(

1

imax

+
1

imax2

))

if Iload < imax2

(5.35)

The resulting values forCload are shown in Fig. 5.42 and the maximum values are summa-
rized for the converters in Table 5.13. Since the largest capacitor needed for maintaining
the voltage ripple below 10 % is at the lowest wind speed, the capacitor can be made
smaller by allowing a larger voltage ripple at low wind speeds. In Table 5.13, the capaci-
tor values needed for limiting the voltage ripple at all windspeeds are presented as well
as the capacitor needed to limit the voltage ripple at wind speeds above 8 m/s.
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Fig. 5.42 Minimum output capacitorCload for the LCC converter.

Table 5.13: Minimum values for the filter components for the LCC converters.

Pos. 1a Pos. 2a Pos. 3a Pos. 1b Pos. 2b

Cin 1830µF 1800µF 1990µF 660µF 1080µF

Cin > 8 m/s 1670µF 1610µF 1720µF 560µF 1000µF

Cload 54µF 88µF 118µF 22µF 11µF

Cload > 8 m/s 51µF 45µF 71µF 14µF 11µF

5.5.2 Losses in the Series Parallel Resonant Converter

For the resonant converter, no snubber capacitors are needed to achieve soft switching and
just one control strategy is considered. Therefore, the design of the converter is already de-
termined as shown in Table 5.12. The resulting losses are plotted as a fraction of the input
power in Fig. 5.43 (a) for positions 1a, 2a and 3a and in Fig. 5.43 (b) for positions 1b and
2b. Also note that the converter for position 3b is the same asthe converter for position 1b.

The loss distributions for the converters are shown in Fig. 5.44 for positions 1a, 2a and
3a and in Fig. 5.45 for positions 1b and 2b. Also, the losses for the resonant converter are
summarized in Table 5.14 for an average wind speed of 7.2 m/s.

The resulting losses for the resonant converter show no significant differences for posi-
tions 1a, 2a and 3a. For the group converter the losses are higher for position 2b than for
position 1b caused by higher conduction losses in the switches. The higher conduction
losses is a result of the lower input voltage due to the highertransformer ratio that gives a
higher input current.
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(a) Positions 1a, 2a and 3a.
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Fig. 5.43 Losses as a fraction of input power for the LCC converter.

Table 5.14: Average energy loss for the resonant convertersat the average wind speed
7.2 m/s.

Position

1 a 40.5 kW, 2.14 %

1 b 169 kW, 1.79 %

2 a 43.2 kW, 2.28 %

2 b 257 kW, 2.72 %

3 a 46.7 kW, 2.47 %

3 b 169 kW, 1.79 %
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(a) Position 1a.
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(b) Position 2a.
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(c) Position 3a.

Fig. 5.44 Loss distribution for the LCC converter for positions 1a, 2aand 3a.
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Fig. 5.45 Loss distribution for the LCC converter for positions 1b and2b with snubber capacitor.
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5.6 Evaluation of the Converters for the Local Wind Tur-
bine Grid

In this chapter, the operating conditions for the converters have been determined using the
local wind turbine grid. For all three topologies considered, the converters have been de-
signed for each position in the local wind turbine grid and the losses have been calculated
as a function of the wind speed. In this section, both the topologies and the control meth-
ods are evaluated regarding the losses and need of components. Comments are also made
on how the converters are affected by the wide range of operating conditions in a wind
farm application. Finally, the contribution to the energy production cost is determined for
the different converters and the different control strategies.

5.6.1 Loss Comparison for the Local Wind Turbine Grid

In Tables 5.15, 5.16, and 5.17, the losses for the convertersare shown for three differ-
ent average wind speeds for the fullbridge converter, the single active bridge converter
and the resonant converter. The chosen snubber capacitor for the fullbridge and single ac-
tive bridge converters and the control method for the singleactive bridge converter used is
what was found to give the lowest losses in the design of the converters. It should be noted
that the average transferred power for the mean values 5.4 m/s, 7.2 m/s and 10 m/s for the
wind for the speed is 1.03 MW, 1.89 MW and 2.90 MW for one turbine and 5.13 MW,
9.46 MW and 14.51 MW for the group converter. In Fig. 5.46, thelosses are shown for
each position for all three topologies.
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Fig. 5.46 Converter losses for each position for the average wind speed 7.2 m/s.

For the fullbridge converter, the losses are lowest for the converter at position 2a which
has a constant ration between the input voltage and the output voltage as well as a low
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Table 5.15: Energy loss for the fullbridge converters at different average wind speeds.

Pos. snubber 5.4 m/s 7.2 m/s 10 m/s

1 a Cs = 1 µF 27.8 kW, 2.71 % 55.3 kW, 2.92 % 89.0 kW, 3.07 %

1 b Cs = 1 µF 110 kW, 2.15 % 192 kW, 2.03 % 288 kW, 1.98 %

2 a Cs = 1 µF 15.5 kW, 1.52 % 27.8 kW, 1.47 % 42.2 kW, 1.46 %

2 b Cs = 1 µF 158 kW, 3.08 % 305 kW, 3.30 % 503 kW, 3.47 %

3 a Cs = 1 µF 16.4 kW, 1.60 % 28.3 kW, 1.50 % 42.4 kW, 1.46 %

3 b Cs = 1 µF 110 kW, 2.15 % 192 kW, 2.03 % 288 kW, 1.98 %

input voltage at low power. The losses are higher for positions 1a and 2b where the con-
verter has to compensate for the varying voltage level.

Table 5.16: Energy loss for the single active bridge converters at different average wind
speeds.

Pos. control 5.4 m/s 7.2 m/s 10 m/s

1 a var. freq. Cs = 4.7µF 31.9 kW, 3.11 % 60.2 kW, 3.18 % 93.9 kW, 3.23 %

1 b var. freq. Cs = 4.7µF 257 kW, 5.05 % 420 kW, 4.44 % 608 kW, 4.19 %

2 a var. freq. Cs = 4.7µF 35.5 kW, 3.47 % 63.8 kW, 3.37 % 96.6 kW, 3.33 %

2 b var. freq. Cs = 4.7µF 163 kW, 3.19 % 309 kW, 3.27 % 483 kW, 3.33 %

3 a var. freq. Cs = 4.7µF 44.6 kW, 4.35 % 71.2 kW, 3.76 % 101.5 kW, 3.50 %

3 b var. freq. Cs = 4.7µF 257 kW, 5.05 % 420 kW, 4.44 % 608 kW, 4.19 %

For the single active bridge converter where the losses are summarized in Table 5.16, the
converters for positions 3a and 1b has the highest losses dueto the high switching fre-
quency at low wind speeds.

In Table 5.17 it is shown that the resonant converters have similar losses for all positions
except positions 2b that has higher losses. This is due to thehigh transformer ratio needed
that increases the current on the primary side and thereby also the conduction losses. Also,
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Table 5.17: Energy loss for the resonant converters at different average wind speeds.

Pos. 5.4 m/s 7.2 m/s 10 m/s

1 a 20.9 kW, 2.04 % 40.5 kW, 2.14 % 65.1 kW, 2.24 %

1 b 94 kW, 1.84 % 169 kW, 1.79 % 254 kW, 1.75 %

2 a 23.5 kW, 2.29 % 43.2 kW, 2.28 % 67.4 kW, 2.32 %

2 b 138 kW, 2.70 % 257 kW, 2.72 % 396 kW, 2.73 %

3 a 25.7 kW, 2.51 % 46.7 kW, 2.47 % 70.7 kW, 2.44 %

3 b 94 kW, 1.84 % 169 kW, 1.79 % 254 kW, 1.75 %

the converter for position 3a has high losses.

The total converter losses for the local wind turbine grid, where the same converter topol-
ogy is used for both wind turbine converter and group converter, are shown in Table 5.18
and the results are plotted in Fig. 5.47 for (a) the fullbridge converter, (b) the single active
bridge converter and (c) the resonant converter.

Table 5.18: Energy losses for the control strategies at different average wind speeds.

Control 5.4 m/s 7.2 m/s 10 m/s

1 FB 249 kW, 4.86 % 468 kW, 4.95 % 733 kW, 5.05 %

2 FB 236 kW, 4.60 % 452 kW, 4.78 % 715 kW, 4.93 %

3 FB 192 kW, 3.75 % 333 kW, 3.52 % 500 kW, 3.45 %

1 SAB 417 kW, 8.14 % 721 kW, 7.62 % 1077 kW, 7.42 %

2 SAB 341 kW, 6.66 % 628 kW, 6.64 % 965 kW, 6.66 %

3 SAB 480 kW, 9.38 % 776 kW, 8.20 % 1115 kW, 7.69 %

1 LCC 199 kW, 3.89 % 372 kW, 3.93 % 580 kW, 4.00 %

2 LCC 256 kW, 4.99 % 473 kW, 5.00 % 733 kW, 5.05 %

3 LCC 223 kW, 4.35 % 402 kW, 4.25 % 608 kW, 4.19 %

Power 5.1 MW 9.5 MW 14.5 MW

It can be seen that control strategy 3 using the fullbridge converter is the control strategy

112



5.6. Evaluation of the Converters for the Local Wind TurbineGrid

5 6 7 8 9 10
0

2

4

6

8

10

12

Wind speed [m/s]

T
ot

al
 c

on
ve

rt
er

 lo
ss

es
 [%

] FB 1
FB 2
FB 3

(a) Fullbridge converter.
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(b) Single active bridge converter.
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(c) Series parallel resonant converter.

Fig. 5.47 Total converter losses for the local wind turbine grid for the different topologies using
control strategies 1, 2 and 3.

with the lowest losses. The local wind farm using the single active bridge converter has
considerable higher losses than the other topologies.
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5.6.2 Required Transformer, Filter and Semiconductor Components

As well as the losses of the converter, an important issue forthe choice of converter
topology and control strategy is the required transformer and the need for semiconductor
components and filter components. Here, the weight of the transformer is considered as
well as the number of IGBT and diode modules needed and the required filter components.

Transformer

The weight of the transformers for the different convertersis presented in Table 5.19. It
can be seen that the weight of the transformer increases withincreased transformer ratio.

Table 5.19: Transformer parameters.

Converter Transformer ratio Leakage inductance Weight

FB 1a 8.36 20µH 2145 kg

FB 2a 3.32 20µH 1579 kg

FB 3a 3.32 20µH 1579 kg

FB 1b 5.48 20µH 7532 kg

FB 2b 14.14 30µH 13831 kg

SAB 1a 7.87 200µH 1906 kg

SAB 2a 7.87 200µH 1906 kg

SAB 3a 7.87 200µH 1906 kg

SAB 1b 13.00 352µH 9231 kg

SAB 2b 13.00 352µH 9231 kg

LCC 1a 7.75 92µH 3349 kg

LCC 2a 7.75 92µH 3592 kg

LCC 3a 7.75 92µH 3595 kg

LCC 1b 7.42 310µH 16929 kg

LCC 2b 13.42 151µH 60438 kg

For the fullbridge converter, the converters for positions2a, 3a and 1b with constant ratio
between the input and output voltage has the lowest weight ofthe transformer. Positions
1a and 2b has higher weight of the transformer. For the resonant converter, the transformer
is a part of the resonant tank resulting in a higher peak voltage for the transformer. The
high peak voltage as well as the high current in the transformer gives heavy and bulky
converters.
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Semiconductor Components

The second issue is the number of semiconductor modules for the converters, which is
summarized in Table 5.20. Here, the number of modules with rated voltage 2.5-3 kV and
rated current 2 kA are listed. In the cases where the rms-current is significantly lower than
2 kA, it is assumed that there is a module available with a lower number of sub-modules
resulting in modules with ratings of 1 kA for 0.5 modules.

Table 5.20: Number of IGBT and diode modules needed for the converters.

Input bridge Output bridge

Converter position Parallel Series Parallel Series

FB 1a 2 5 0.5 40

FB 2a 1 5 0.5 16

FB 3a 1 5 0.5 16

FB 1b 1 15 0.5 82

FB 2b 3 15 0.5 212

SAB 1a 2 5 0.5 15

SAB 2a 2 5 0.5 15

SAB 3a 2 5 0.5 15

SAB 1b 2 15 0.5 75

SAB 2b 3 15 0.5 75

LCC 1a 2 5 0.5 15

LCC 2a 2 5 0.5 15

LCC 3a 2 5 0.5 15

LCC 1b 2 15 0.5 75

LCC 2b 3 15 0.5 75

For the input bridge, the need for IGBT modules is 2 parallel connected and 5 series
connected modules for the wind turbine converters and 2 parallel connected and 15 se-
ries connected modules for the group converters. The only exceptions are the fullbridge
converters for position 2a, 3a and 1b with constant voltage ratio where just 1 module is
needed in parallel and for position 2b for all topologies where 3 series connected modules
are needed. For the output bridge, just 0.5 diode modules areneeded in parallel for all
converters. For the single active bridge converter and the resonant converters with volt-
age stiff output, 15 series connected modules are needed forthe wind turbine converters
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and 75 series connected modules are needed for the group converter. For the fullbridge
converter, the current stiff output increases the maximum voltage across the rectifying
bridge and thereby also a larger number of series connected diode modules are needed.
This increase is largest for positions 1a and 2b with varyingvoltage ratio.

Filter Components

When designing the converters, the input and output filters are designed to limit the peak-
to-peak ripple in the output and input currents and voltagesto 10 % of the DC values.
The dimensioning was done by approximating the voltage-stiff filter with a capacitor and
the current-stiff output filter for the fullbridge converter with an inductance. The resulting
demand for the filter components are shown in Table 5.21.

Table 5.21: Components needed for the input filter and outputfilter.

Converter position Cin Cload Lload

FB 1a 641µF - 700 mH

FB 2a 97µF - 90 mH

FB 3a 97µF - 530 mH

FB 1b 49µF - 2400 mH

FB 2b 360µF - 3800 mH

SAB 1a 1200µF 28µF -

SAB 2a 1200µF 28µF -

SAB 3a 1200µF 28µF -

SAB 1b 440µF 10µF -

SAB 2b 440µF 10µF -

LCC 1a 1830µF 54µF -

LCC 2a 1800µF 88µF -

LCC 3a 1990µF 118µF -

LCC 1b 660µF 22µF -

LCC 2b 1080µF 11µF -
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5.6.3 Sensitivity to Varying Operating Conditions

For the DC/DC converter topologies studied in this thesis, the fullbridge converter using
phase shift control, the single active bridge converter andthe series parallel resonant con-
verter, previous work have been done considering design andlosses for these topologies.
In this thesis, these converters are studied for the wind farm application and it is there-
fore interesting to see how the losses of a converter are affected by this wide range of
operating conditions. If a converter is designed for a single operating point, the losses can
be reduced by choosing a suitable transformer ratio and leakage inductance as well as a
suitable snubber capacitor. However, if the converter is designed for all operating points
in a wind farm, the losses will be higher at most operating points compared to a converter
designed for only one specific operating point. Here, the increase in losses due to the wide
range of operating conditions will be discussed for all three topologies.

The Fullbridge Converter

The fullbridge converter has a current stiff output and the output voltage is proportional
to the duty ratio of the converter for a constant input voltage. For the converters at po-
sitions 2a, 3a and 1b with constant ratio between the input and output voltage, the duty
cycle is constant and can therefore be close to 0.5 for all operating points. If the volt-
age ratio is varying, as for positions 1a and 2b, the transformer must be designed for the
case with the highest voltage ratio which is the lowest wind speed. When these converters
are operating at higher wind speeds with lower transformer ratio, the duty cycle must be
lower to achieve the desired output voltage. If this converter is compared to a converter
designed for that high wind speed, the converter designed for one operating point would
have a lower transformer ratio and also a lower on-state current for the input bridge for
the same output current. The higher on-state current for theconverter designed for all op-
erating points will then result in higher turn-off losses that are proportional to the current
at turn-off and therefore also higher total losses. In Figs.5.16 and 5.17, it can be seen that
converters 1a and 2b with varying voltage ratio have higher losses at higher wind speeds
than converters 2a, 3a and 1b with constant voltage ratio. Also the conduction losses are
higher for positions 1a and 2b since the rms-value of the current in the input bridge is
higher. The semiconductor components are conducting also in the off-state, resulting in
large conduction losses in the case of a large current even ifthe duty cycle is low. It should
be noted that the converters for these positions have 2 and 3 IGBT modules connected in
parallel for the switches in the input bridge compared to 1 module in parallel for the other
topologies.

The wide range of operating conditions also makes the designof the snubber capacitor
difficult. For a high wind speed where there is a high current,a large value is needed
for the snubber capacitor to increase the rise time of the voltage and thereby achieve
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soft switching. However, for a low wind speed with lower current the snubber capacitor
needed at high wind speed is too large. The rise time of the voltage will then be very slow
and it will also take a long time for the snubber capacitor to be discharged. This will result
in high turn-on losses at low wind speeds as seen in Fig. 5.18,whereby the most suitable
choice will be a small value of the snubber capacitor or no snubber capacitor.

The variable operating conditions gives a large fraction ofcore losses in the transformer
at low power levels. Since the core losses just are dependenton the voltage applied at
the transformer, the case with low current and high voltage with a high duty cycle gives
a large fraction of core losses. This is most significant for positions 3a and 1b that have
high voltage levels and high duty cycle even at low wind speeds.

The Single Active Bridge Converter

For the single active bridge converter, the duty cycle of theconverter is affected both by
the voltage levels and the transferred power. If the single active bridge converter is con-
trolled using the constant frequency control, a high duty cycle is preferable in the same
way as for the fullbridge converter. However, unlike the fullbridge converter, the sin-
gle active bridge converter must be designed for the highestwind speed with the largest
transferred power. For lower wind speeds, the duty cycle must be lowered to limit the
transferred power. In the case of positions 1a and 2b with varying ratio between the input
voltage and the output voltage, the duty cycle is also large at the lowest wind speed. For
positions 3a and 1b with constant voltage levels, the current slope is constant for all op-
erating points for both the positive and negative slopes. Therefore a large reduction in the
duty cycle is needed to reduce the power contents in each pulse, which should be propor-
tional to the output power. For position 2a, both the input and output voltages are lower
at low wind speeds resulting in a slower increase in the current in the leakage inductance.
A slower increase in the current as well as a lower output voltage gives a larger duty cy-
cle at low wind speeds. For positions 1a and 2b with varying input voltage and constant
output voltage, the duty cycle is slightly higher than for position 2a at low wind speeds
due to the smaller difference between the input voltage and the output voltage. On the
other hand, the fall time of the voltage is decreased by the larger sum of the input voltage
and the output voltage resulting in a fairly constant off-time, except for the lowest wind
speeds. In the same way as for the fullbridge converter, the efficiency is lowered in the
operating points with a decreased duty cycle compared with aconverter that is designed
especially for that operating point. The difference is thatthe decrease in duty cycle occurs
at low wind speeds with low transferred power compared to thefullbridge converter where
the decrease in duty cycle occurs at high wind speeds with a large transferred power. In
Figs. 5.29, 5.30 and 5.31 this is shown for the wind turbine converter and the converter for
position 3a has the highest losses for low wind speeds due to the low duty cycle. The same
applies for the group converters where the converter for position 1b has higher losses at
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low wind speeds than the converter for position 2b.

For the single active bridge converter using variable frequency control, there is an increase
in the frequency which is linked to the decrease in duty cyclefor the constant frequency
control. In Fig. 5.26, it is shown that the switching frequency is increased the most for
positions 3a and 1b where the decrease in duty cycle also is most significant. An increased
frequency results in increased losses as shown in Figs. 5.29, 5.30 and 5.31 as well as in
Figs. 5.35 and 5.36.

The Series Parallel Resonant Converter

The resonant converter is controlled by varying the off-time between the resonant pulses
by changing the switching frequency and, similar to the single active bridge converter,
this off-time depends on both the transferred power and the voltage levels for the con-
verter. The converters are designed to have zero off-time atfull power, and the switching
frequency is decreased at lower power levels to decrease thetransferred power. For the
converters at positions 3a and 1b with constant ratio between the input voltage and the
output voltage, the shape of the resonant current pulse is the same with the same energy
content for all operating points. The switching frequency will then be decreased propor-
tionally to the decreasing power as seen in Fig. 5.40. For positions 1a and 2b where the
input voltage varies and the output voltage is constant, theenergy in each pulse and the
peak current decreases with decreasing input voltage at lowwind speeds. The switching
frequency is then higher at low wind speeds due to the decreased energy in each resonant
pulse compared to positions 1a and 2b. In the case of position2a, both the input voltage
and the output voltage are decreased at low wind speeds leading to even lower energy
content in each pulse and therefore a higher switching frequency at low wind speeds.
From the resulting losses shown in Fig. 5.43, it can be seen that the losses increase at low
wind speeds where there is a long off-time between the current pulses. However, the main
disadvantage with the long off-time at low wind speeds is thehigh demands on the input
and output filters, and it is also hard to design the filters fora variable frequency.
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5.6.4 Cost Evaluation

For evaluating the cost of the converters, the contributionfrom each converter to the en-
ergy production cost is estimated using both the investmentcost for the converter and the
cost for the losses in the converter.

Investment Costs

Starting with the investment costs, the costs are estimatedfor the different parts of the
converter adding up to a total investment cost. It is assumedthat the two most significant
contributions to the investment cost are from the transformer and the semiconductor com-
ponents, and the other costs will not be considered.

For the transformer, the cost is estimated using the volume of the core and the windings.
The estimation is made that the total cost of the transformeris twice the cost of the core
material and the copper in the windings. As a result, the costof the transformerKtrafo is
estimated as

Ktrafo = 2 (VcoreKrcore + VCuKrCu) , (5.36)

whereKrcore andKrCu are the costs for the core material and the copper for the windings
perm3 andVcore andVCu are the volumes for the core and the copper for the windings.

For the semiconductor components, the cost is the number modules times the cost for
each module. Also, the mounting and drive circuit is assumedto be included in the prize
of the semiconductor module whereby the total cost for the semiconductor components
Ksemi can be calculated as

Ksemi = NIGBT KrIGBT + NdiodeKrdiode. (5.37)

Here,NIGBT andNdiode are the number of IGBT modules and the number of diode mod-
ules in the converter andKrIGBT andKrdiode are the costs for an IGBT module and a
diode module. The assumed cost for a semiconductor module given in Table 5.23, is for
one semiconductor module and the number of modules are summarized in Table 5.20. The
total cost for the converterKconv is assumed to be the sum of the cost of the components
plus 50 % for additional costs. The total cost is then calculated by

Kconv = 1.5 (Ktrafo + Ksemi) . (5.38)

The cost for each component and the total cost for each converter are summarized in
Table 5.22. Additionally, the costs for the semiconductor modules and the material prize
for the transformer used in the cost calculations are presented in Table 5.23.
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Table 5.22: Investment costs for the converters and the different components.

Converter pos. Ktrafo Ksemi Kconv

FB 1a 173 kSEK 1520 kSEK 2539 kSEK

FB 2a 127 kSEK 688 kSEK 1222 kSEK

FB 3a 127 kSEK 688 kSEK 1222 kSEK

FB 1b 567 kSEK 2676 kSEK 4865 kSEK

FB 2b 1035 kSEK 7416 kSEK 12676 kSEK

SAB 1a 159 kSEK 1070 kSEK 1844 kSEK

SAB 2a 159 kSEK 1070 kSEK 1844 kSEK

SAB 3a 159 kSEK 1070 kSEK 1844 kSEK

SAB 1b 673 kSEK 3750 kSEK 6634 kSEK

SAB 2b 673 kSEK 4950 kSEK 8434 kSEK

LCC 1a 269 kSEK 1070 kSEK 2009 kSEK

LCC 2a 289 kSEK 1070 kSEK 2036 kSEK

LCC 3a 289 kSEK 1070 kSEK 2037 kSEK

LCC 1b 1236 kSEK 3750 kSEK 7478 kSEK

LCC 2b 3954 kSEK 4950 kSEK 13355 kSEK

Cost Comparison

For comparing the costs for the different converters, the contribution from the converter
to the energy production costEconv is calculated. There are two parts of the contribution,
the investment cost and the cost for the losses. For the calculation of the contribution
from the investment costEinv, the number of operational hours per year are assumed to
beTo = 24 · 365 = 8760 h. For calculating the energy production cost, first the the total
energy production for the wind farmEfarm is calculated as

Efarm =
Kfarm

Pout,avgTo

r(1 + r)Ny

(1 + r)Ny − 1

100

100 − Pr
= Ccost

Kfarm

Pout,avg

. (5.39)

wherer is the interest rate,Ny is the life time in years, Pr is the profit in % andCcost is a
constant. The contribution to the energy production cost from the investment cost for the
converterEinv can be calculated as

Einv = Ccost

Kconv

Pin,avg

. (5.40)

Apart from the investment costs for the converter, the cost of the losses should be added
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Table 5.23: Semiconductor device and material cost.

Component Cost

IGBT module KrIGBT 20000 [SEK/st]

diode module Krdiode 9000 [SEK/st]

Core material Krcore 300000 [SEK/m3]

Copper KrCu 440000 [SEK/m3]

to the total cost for the converter. The contribution from the converter losses to the total
energy production costEloss can be calculated as

Eloss = Ccost

Kfarm

Pin,avg

Ploss,avg

Pout,avg

= Efarm

Ploss,avg

Pin,avg

. (5.41)

The total contribution to the energy production cost is thencalculated as

Econv = Einv + Eloss. (5.42)

Assuming an interest rater = 4 %, a life timeNy = 15 years and a profitPr = 8 %,
the resulting energy production cost and the contributionsfrom the investment cost and
from the cost of the losses are found in Table 5.24 and in Fig. 5.48. The profit of 8 %
might be underestimated, but since it varies between different energy producers, the value
of Pr = 8 % is used in these calculations. Further, the calculation ofthe costs are based
on an average wind speed of 7.2 m/s and that the assumption that the energy production
cost of the wind farmEfarm is 0.5 SEK/kWh. The fact that the resonant converter does
not require snubber capacitors is not considered, but on theother hand a large resonant
capacitor is needed for the resonant converter.

From the figures, it can be seen that the contribution to the energy production cost from
the losses is similar as the contribution from the investment cost for all converters. Re-
garding the investment cost, the cost of the semiconductor components is dominating for
all converters.

Comparing the different topologies as in Fig. 5.49, it can beseen that the fullbridge con-
verter has the lowest contribution to the energy productioncost for positions 2a, 3a and
1b while the resonant converter has the lowest contributionfor position 1a. For position
2b, the single active bridge converter has the lowest contribution to the energy production
cost. Using the topologies with the lowest cost, the contribution to the energy produc-
tion cost from he converters in the local wind turbine grid are shown in Fig. 5.50 and
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Table 5.24: Contribution to the energy production cost fromeach converter.

Converter pos. Einv [SEK/kWh] Eloss [SEK/kWh] Econv [SEK/kWh]

FB 1a 0.0150 0.0146 0.0296

FB 2a 0.0072 0.0074 0.0146

FB 3a 0.0072 0.0075 0.0147

FB 1b 0.0057 0.0101 0.0159

FB 2b 0.0150 0.0161 0.0311

SAB 1a 0.0109 0.0159 0.0268

SAB 2a 0.0109 0.0169 0.0278

SAB 3a 0.0109 0.0188 0.0297

SAB 1b 0.0078 0.0222 0.0300

SAB 2b 0.0099 0.0163 0.0263

LCC 1a 0.0119 0.0107 0.0226

LCC 2a 0.0120 0.0114 0.0235

LCC 3a 0.0120 0.0124 0.0244

LCC 1b 0.0088 0.0089 0.0178

LCC 2b 0.0158 0.0136 0.0293

Table 5.25.

It is seen that control strategy 3 has the lowest contribution to the energy production cost,
and control strategies 1 and 2 have a higher contribution to the energy production cost.
It should also be noted that the converter adjusting the voltage levels (at positions 1a and
2b) are the converters with the largest contribution to the energy production cost. With the
assumption that the energy production cost for the wind farmis 0.5 SEK/kWh, the con-
tribution from the converters in the local wind turbine gridis about 0.0304 / 0.5 = 6.1 %
of the total energy production cost.
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Fig. 5.48 Contribution to the energy production cost for the different converters.
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Fig. 5.49 Total contribution to the energy production cost for the different converters.
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Fig. 5.50 Total contribution to the energy production cost for the converters in the local wind
turbine grid using the economically most favorable converter.

Table 5.25: Total contribution to the energy production cost for the converters in the local
wind turbine grid using the economically most favorable converter.

Control strategy Turbine conv. Group conv All converters

1 0.0226 SEK/kWh 0.0159 SEK/kWh 0.0385 SEK/kWh

2 0.0146 SEK/kWh 0.0263 SEK/kWh 0.0409 SEK/kWh

3 0.0147 SEK/kWh 0.0159 SEK/kWh 0.0306 SEK/kWh
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Comparison With an AC Transformer

The DC-based wind farm has the main advantages of using DC cables and smaller medium
frequency transformers compared to the AC based wind farm that uses AC cables and
large 50 Hz transformers. Here, a comparison is made betweena DC/DC converter and
a DC/AC converter with an AC transformer for a wind turbine converter. For example,
consider the converter for position 3a, which is the wind turbine converter with constant
voltage levels. In Fig. 5.51, the components in the wind turbine are shown both for a tur-
bine with DC output voltage and for a turbine with an AC outputvoltage.

Mechanical

system DC

DC

DC

AC
G

Mechanical

system DC

AC
G

AC

DC

Transformer

Wind turbine with DC output

Wind turbine with AC output

Fig. 5.51 Wind turbines with DC and AC outputs.

From the figure, it can be seen that the two systems have the same components in the
generator and the rectifier. The difference is that for the case with a DC output there is a
DC/DC converter including a medium frequency transformer instead of the DC/AC con-
verter and the 50 Hz transformer for the case with the AC output. The large difference in
contribution to the energy production cost between the DC/DC converter and the DC/AC
converter including the transformer is the investment cost. For the cost of the semicon-
ductor components, the DC/AC converter has three converterlegs instead of two for the
DC/DC converter so the cost for the IGBT modules are higher, but there is no rectifying
bridge. Therefore the cost for the semiconductor components is assumed to be similar for
the DC/DC and the DC/AC cases.

The main difference in investment costs is the cost for the transformer. For the DC/DC
converter (assuming that the fullbridge converter is used), the transformer for the has a
weight of 1579 kg (for core material, windings and insulation) and the corresponding
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weight for the DC/AC converter is 12968 kg. Regarding the difference in investment cost,
the DC/DC transformer with a steel core has a cost of 127 kSEK while the 50 Hz trans-
former with a steel core has a cost of 1039 kSEK. The increase in investment costs will
increase the contribution from the converter to the total energy production cost with about
0.0076 SEK/kWh. If the losses for the DC/AC converter including the 50 Hz transformer
is 2 % (38 kW), the reduction in energy production cost due to the lowered losses com-
pared to the 55 kW for the fullbridge converter is 0.0045 SEK/kWh. The total increase
in energy production cost if the DC/AC alternative is used isthen 0.0031 SEK/kWh, and
then the cheaper DC cables have not been considered.

5.7 Discussion

From the results shown in this section, the most obvious result is the low efficiency and
and the resulting high contribution to the energy production cost of the single active bridge
converter. The fullbridge converter and the resonant converter have comparable efficiency
and therefore other factors will determine the choice of topology. The fullbridge converter
has a constant switching frequency, and a current stiff output which requires a large filter
inductance. A lower number of IGBT modules is required for the fullbridge converter
than for the resonant converter, except for positions 1a and2b where the numbers of
IGBT modules are the same. However, a larger number of diode modules is required for
the rectifying bridge in the fullbridge converter. Regarding the size of the transformer, the
fullbridge converter has a smaller and less heavy transformer than the resonant converter.
For the resonant converter, there is also an additional component in the resonant capacitor
that must have a high voltage and current rating. The output of the resonant converter is
voltage stiff, requiring a large filter capacitor, and the design of the filter will be compli-
cated by the large range of switching frequencies.

The choice of topology will also depend on the cost and availability of additional compo-
nents such as the filter capacitance and the resonant capacitor for the resonant converter
and the filter inductance for the fullbridge converter. There is also a trade-off between the
more heavy transformer for the resonant converter and the larger number of diode mod-
ules needed for the fullbridge converter. Further, the resonant converter has a number of
disadvantages such as the high peak voltage, the large resonant capacitor, the large trans-
former and the variable frequency control. These factors will give a larger investment cost
and then probably result in the fullbrige converter as the topology with the lowest contri-
bution to the energy production cost.

When comparing the control strategies, control strategy 2 has the highest losses due to the
low efficiency of the converter for position 2b both for the fullbridge converter and the
resonant converter. Also, the fullbridge converter has a high number of diode modules in
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the output bridge for position 2b and both topologies have a heavy transformer. Control
strategy 1 has just slightly lower losses and there are largelosses in the converter at po-
sition 1a. The lowest losses are obtained by using control strategy 3 with the fullbridge
converter. However, it should be noted that for control strategy 1, a diode rectifier gives a
variable voltage and for control strategy 3 an IGBT rectifiergives a constant output volt-
age.

It has also been shown that it is hard to find a suitable turn-off snubber capacitor that
lowers the turn-off losses but does not cause any additionalturn on-losses, and the result
have been no snubber capacitor or a snubber capacitor with a low value. One way of
making the use of a larger snubber capacitor possible is to adjust the voltage level in the
local wind turbine grid so that the ratio between the currentand the voltage is constant
at all operating points. If the voltage level has the same variation in the whole local wind
turbine grid, then all converters can have a constant duty cycle which gives low losses
for the fullbridge converter. However, if a constant voltage is required for the HVDC
transmission, the last converter must compensate for the voltage variations. This converter
will then be similar to the converter at position 2b which is heavy and has a low efficiency.
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Experimental Setup

In Chapter 5, the fullbridge converter, the single active bridge converter and the series par-
allel resonant converter were studied and the losses were calculated for the application in
a DC based wind farm. It was found that the fullbridge converter is an appropriate choice
for this application with low losses, low peak values for thecurrent and voltage and low
investment cost. For the verification of the results from thesimulations and calculations
of the losses, a down scaled experimental setup of the fullbridge converter using phase
shift control was constructed, which will be described in this chapter.

The purpose of the experimental verification is both to verify the resulting waveforms
from the simulations and to investigate the losses for different operation points. First,
since the loss calculations are based on the voltage and current waveforms obtained from
the simulations, the waveforms from the ideal simulated model are compared with the
measured waveforms. Then a refined simulation model is obtained that gives a more de-
tailed representation of the experimental circuit. Finally, the losses are compared for the
measurements and for the calculations from the simulationswith the ideal model.

6.1 Design of the Fullbridge Converter

The design of the fullbridge converter aims to construct a down scaled converter suitable
for tests that can be compared with simulations. It should belarge enough to have sim-
ilar characteristics as the full scale converter, but on theother hand it should be small
enough to be realized using the existing laboratory equipment. The resulting converter is
described in detail in [60] and will here be presented briefly. A photo of the experimental
setup is shown in Fig. 6.1.

The power rating of the converter is 15 kW with an input voltage of 300 V and an input
current of 50 A. The transformer of the converter has the ratio 1:1, which gives the maxi-
mum theoretical output voltage of 300 V. In reality, the output voltage is slightly lower due
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Output
inductor

Fig. 6.1 Photo of the experimental setup.

to losses in the converter. The main components of the converter are the IGBT modules
for the input bridge, the diode modules for the rectifying bridge, the transformer, the filter
inductance and the control system. Additionally, there areauxiliary components such as
the driver circuits, the measuring system, the cooling and the power supply to the aux-
iliary components. These different components will be explained briefly in this chapter
and, in addition, more information about the experimental setup can be found in [60].

6.1.1 Semiconductor Components

The IGBT modules used in the input bridge are the SemixS302GB128D modules from
Semikron with rated voltage 1200 V and rated current 320 A. Asdrive circuits for the
IGBT modules, twoSkyperTM32Pro from Semikron are used. They are mounted on the
corresponding evaluation boardsEvaluationBoard1SkyperTM32Pro.
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For the rectifying bridge the SGS - ThomsonMicroelectronics BYT230PIV - 1000 mod-
ules are used with a rated voltage of 1000 V and a rated currentof 30 A. However, using
the rectifying bridge without over-voltage snubbers results in large oscillations at turn-off
close to the maximum voltage for the diodes. To reduce these oscillations RC-snubbers
are inserted across each diode with the values Rs = 60Ω and Cs = 2.8 nF.

6.1.2 Transformer

The transformer used is a custom-made transformer with transformation ratio 1:1 which
can be seen in Fig. 6.2. From the measurements of the transformer voltage and current,
the stray inductance is determined to 10µH and the main inductance to 14 mH. Further,
the core material is the iron based magnetic alloy 2605SA1 from Metglas. However, it
should be noted that the core material is no-field anneal and the given data for core losses
in the data sheet is based on a core with longitudinal field anneal.

Fig. 6.2 Photo of the transformer.

6.1.3 Filter Components

As the input capacitor, aRifa Elyt Long Life PEH169UV439AQ capacitor is used with the
capacitance value of 3900µF. In the output bridge, aRifa Elyt Long Life PEH169UV433OQ
capacitor with 3.3µF is used. Since the fullbridge converter requires a current-stiff output,
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the output filter inductance needs to be large, especially since the switching frequency is
as low as 1 kHz. The inductance chosen was an existing free-standing inductor of 20 mH
that can handle a current up to 80 A.

6.1.4 Control System and Measurements

For generating the control signals for the drive circuits, aSimulink/MATLAB file is used
where the control signals are generated from the phase shiftdetermined by the user. Fur-
ther, the control signals are connected to the drive circuits via a dSPACE DS1103 con-
troller board and two additional cards for obtaining the right voltage levels for the control
signal to the drive circuits.

The measurements for the circuit are done in two different ways, either by an oscilloscope
or by using a measuring card and feeding the measured signalsback to the dSPACE sys-
tem. The dSPACE system has the drawback of a limited bandwidth since the sampling
time is 50µs, and therefore, the high-frequency signals are measured with the oscillo-
scope. However, the input and output voltages are measured with the dSPACE system via
a voltage transducer card. In the same way, the input and output currents are measured
using LEM-modules and a measuring card, described in [60], together with the dSPACE
system.

6.2 Measured and Simulated Waveforms

The resulting waveforms from the simulations of the ideal model of the experimental
setup are compared with the measured voltage and current waveforms. The ideal model
used in the simulations is shown in Fig. 6.3.
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Fig. 6.3 Ideal simulation model for the experimental converter.

In the ideal simulation model, ideal switches are used and the components considered are
the input capacitor, the leakage and main inductances of thetransformer and the induc-
tance and capacitance for the output filter. The load resistance is the same as the load
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resistance in the experimental setup. In Fig. 6.4, the inputand output voltages and cur-
rents are shown both for simulations and measurements, and in Fig. 6.5 the voltages and
currents for the transformer are shown.
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Fig. 6.4 Ideal simulated and measured input and output current and voltage waveforms.
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Fig. 6.5 Ideal simulated and measured current and voltage waveformsfor the transformer.

In the figures, it can be seen that neither the input and outputvoltage nor current levels
show any significant differences between the simulations and the measurements. The no-
ticeable difference is the higher output voltage and current for the ideal simulation model
due to the lower losses in the ideal model. Regarding the transformer, the voltage levels
are similar for the simulations and the measurements, but there are some differences in
the current waveforms as seen in Fig. 6.5 (b).
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One of the purposes with the experimental setup is to verify that the simulation model
provides current and voltage waveforms good enough for losscalculations. Looking at
the input current and voltage, the values match between the simulations and measure-
ments giving accurate conditions for the diodes and switches in the input bridge. For the
output diodes, both the current and voltage levels are slightly higher since the output cur-
rent and voltage are higher in the ideal simulation, but thissmall change of about 1.5 %
does not add a significant error in the loss calculations. Regarding the losses in the trans-
former, the transformer current is slightly higher which gives higher copper losses but
since the voltage waveforms are the same, there should not beany significant difference
in the transformer losses. The conclusion is therefore thatthe simulated waveforms are
good enough for loss calculations, even though the currentsin the output bridge and the
transformer most likely are slightly overestimated in the simulations.

6.3 Refined Simulation Model

As seen in the previous section, there are some differences between the results from the
ideal simulation model and the measurements. To achieve a more accurate representation
of the experimental setup, a refined simulation model was obtained for the experimen-
tal setup. In this non-ideal simulation model, some loss components are included in the
circuit. The ideal simulation model is modified by adding non-ideal switches, and also
including the resistances of the transformer and the outputfilter. Finally, the resistances
across the input and output capacitors are added. The added resistances can be seen in
Fig. 6.6 and the values of the components are shown in Table 6.1. For the resistances
RCin andRCload, the values are known and for the transformer and the filter inductance,
the resistance valuesRLs andRLload are measured at 1 kHz for the transformer and at
DC current for the filter. However, the value of the resistance for the filter inductance is
increased from the measured 37.6 mΩ to 50 mΩ for obtaining the AC resistance.
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Fig. 6.6 Non-ideal simulation model for the experimental converter.

The IGBT module used in the experimental setup is not available in the Pspice library, in-
stead the similar POWEREX IGBT module CM400HA-24H is used. The resulting wave-
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Table 6.1: Calculated losses for the simulated circuit.

Component Resistance

RCin 47 kΩ

RCload 10 kΩ

RLs 72 mΩ

RLload 50 mΩ

forms for the input and output current and voltages show no significant difference from
Fig. 6.4, but for the transformer the currents follow the measured waveforms more closely
which is shown in Fig. 6.7.
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Fig. 6.7 Non-ideal simulated and measured current and voltage waveforms for the transformer.

Even though it is not clearly visible in the figures, the non-ideal simulation model results
in a lower output voltage, which is 0.3 % above the measured value compared to 1.5 %
above the measured value for the ideal model. It can also be seen in Figs. 6.7 that the
simulated current and voltage waveforms closely follow themeasured values.
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6.4 Loss Calculations

The second purpose of the experimental setup is to identify the losses in the converter and
compare the results with the calculated losses. The losses are calculated using the current
and voltage waveforms from the simulations together with the known properties of the
components, and are then compared to the measured losses in the circuit.

6.4.1 Losses in the Semiconductor Devices

The first contribution to the losses is the losses in the semiconductor devices. Using the
waveforms from the simulations, the losses for the semiconductor devices are calculated
as described in Chapter 4. The losses in the semiconductor components is the sum of the
conduction losses and the switching losses, and the resulting losses are shown in Table 6.2.

For calculating the on-state conduction losses, the valuesof the voltage drop over the
components as a function of the on-state voltage are given inthe data sheets. The on-state
voltages for the IGBT modules and the diode modules are shownin Fig. 6.8 as a function
of the forward current. The on-state voltage for the IGBT module VCE is obtained from
the forward currentIC as

VCE = 0.53 + 0.0206IC − 8.56 · 10−5I2
C . (6.1)

The forward voltageVF for the diode is calculated from the forward currentIF as

VF = 0.92 + 0.0149IF − 6.10 · 10−5I2

F . (6.2)

Also the forward voltageVF,IGBT for the freewheeling diode in the IGBT module is cal-
culated as a function of the forward currentIF,IGBT as

VF,IGBT = 0.73 + 0.0180IF,IGBT − 6.11 · 10−5I2
F,IGBT . (6.3)

The instantaneous conduction losses are then given by

Pc = VCEIC + VF IF + VF,IGBT IF,IGBT , (6.4)

and the average conduction losses are given the average value over one switching period.

Apart from the conduction losses, there is energy dissipated at each switching of the IGBT
devices. This energy for one switching period for one switching for the IGBT module is
calculated as

Es = ESRon

VV

Vref

iV
iref

+ ESRoff

VV

Vref

iV
iref

. (6.5)
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Fig. 6.8 On-state voltagesVCE for the diode module andVF for the diode module.

Here,Es is the actual switching loss at currentiV and voltageVV , andESRon = 20mJ and
ESRon = 30mJ are the rated switching energies at the currentiref = 150A and voltage
Vref = 600V . The switching lossesPsw are then calculated as the switching energy times
the switching frequency as

Psw = Esfs, (6.6)

and the total semiconductor losses are then given by

Psemi = Psw + Pc. (6.7)

Table 6.2: Calculated losses for the semiconductor devices.

φ Pc Psw Psemi

1 160 W 25 W 185 W

0.8 117 W 21 W 139 W

0.6 71 W 16 W 87 W

0.4 38 W 11 W 49 W

0.2 14 W 5 W 19 W

6.4.2 Losses in the transformer

The transformer losses are described in Chapter 3 and consists of copper losses in the
windings and core losses.
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For calculating the copper losses, the resistance of the windings are measured in a short-
circuit test to find the resistance of the windings at the voltage and current waveforms
used in the converter. The total ac-resistance of the windings were found to be 72 mΩ.
Assuming that the resistances of the primary and secondary windings are equal, the ac
resistance isRpri,ac 36 mΩ for the primary winding andRsec,ac 36 mΩ for the secondary
winding. The losses in the windingsPw are then given by

Pw = Pw,pri + Pw,sec = Rpri,acI
2

pri + Rsec,acI
2

sec. (6.8)

For obtaining the core losses in the transformer, the no-load losses for the converter were
measured. Since there is no load current, there are no lossesin the output filter or the out-
put diodes. The additional losses except the core losses forthe transformer are the losses
in the resistance across the input capacitor and the losses in the IGBT modules. When
these two loss components are subtracted from the total losses, the remaining losses are
the iron lossesPcore of the transformer. These losses were measured to 43 W at fullduty
cycle and were assumed to be proportional to the duty cycle. The reason for not using
measured values at lower duty cycles is that the current at these operating conditions is
very small and it is therefore hard to measure with good accuracy.

The losses in the core are also calculated as described in Chapter 4 as

Pcore = Ka46.7 · 103f 1.51
tr B1.74

maxVcore. (6.9)

The constantKa used in (6.9) is a compensation for the no-field anneal core used in
transformer in the experimental setup. In the data sheet forthe core material, the losses
are given for the longitudinal field anneal which gives considerably lower losses. To find
a value of the constantKa, the B-H curves were studied for the longitudinal field anneal
and the no-field anneal. Assuming the maximum flux density 0.6T, which is the case for
full duty cycle at 300 V, the area covered at no-field anneal isKa = 2.78 times the area
covered at longitudinal field anneal. From the resulting losses in Table 6.3, it can be seen
that the resulting core losses from the calculations are slightly lower than the measured
values, with a deviation of 20 % for full duty cycle.

The core area isAcore =18 cm2, the core volume isVcore = 990 cm3 and the number of
turns were measured toNpri = Nsec = 78. The resulting core lossesPcore,calc are shown
in Table 6.3 together with the measured core lossesPcore,meas.

The losses in the windingsPw are also shown in Table 6.3 and the total transformer losses
Ptr, that are the sum of the core losses and the losses in the windings calculated as

Ptr = Pcore + Pw. (6.10)
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Table 6.3: Calculated and measured losses for the transformer.

φ Pw Pcore,calc Pcore,meas Ptr

1 76 W 35 W 43 W 119 W

0.8 45 W 28 W 34 W 79 W

0.6 19 W 19 W 26 W 45 W

0.4 6 W 11 W 17 W 23 W

0.2 0.6 W 5 W 9 W 10 W

In Table 6.3, the core losses included in the total transformer losses are the losses based
on the measurements of the no-load losses.

6.4.3 Losses in the Filter Inductance

There are also losses in the filter inductance, mainly due to the resistance in the windings.
This resistance was measured toRLload = 37.6 mΩ DC-resistance and since the dimen-
sion of the wire is not known and the core losses are not considered, the AC-resistance
at 1 kHz is assumed to beRLload = 50 mΩ. The losses in the output filterPfilter is then
calculated using the filter currentIfilter as

Pfilter = RLloadIfilter. (6.11)

6.4.4 Losses in the Blide Resistances

The last contribution to the losses that is considered is thelossesPblide in the resistances
RCin = 47k Ω andRCload = 10k Ω across the input and output capacitances. These losses
are calculated using the input voltageVd and the output voltageVload as

Pblide =
V 2

d

RCin

+
V 2

load

RCload

. (6.12)

6.4.5 Loss Evaluation

The calculated losses for the different components in the circuit are summed up and com-
pared to the measured total losses in the converter. The total power loss for the circuit is
calculated using the measured values of the input and outputcurrent and voltage. Using
these measured values, the lossesPloss,exp are calculated as the difference between the
input power and the output power as
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Ploss,exp = Pin − Pout = VdIin − VloadIload. (6.13)

The different calculated loss components for the converterare shown in Table 6.4 and also
in Fig. 6.9. The sum of the calculated losses are compared to the measured total losses in
Table 6.5 and Fig. 6.10.

Table 6.4: Calculated losses for the simulated circuit.

φ Psemi Ptr Pfilter Pblide Sum of losses

1 185 W 119 W 61 W 10 W 375 W 3.69 %

0.8 139 W 79 W 40 W 7 W 265 W 4.04 %

0.6 87 W 45 W 22 W 5 W 160 W 4.30 %

0.4 49 W 23 W 10 W 3 W 84 W 5.10 %

0.2 19 W 10 W 2 W 2 W 33 W 7.92 %

Table 6.5: Measured and calculated losses for the experimental circuit.

φ Measured losses Calculated losses

1 383 W 3.76 % 367 W 3.61 %

0.8 280 W 4.27 % 259 W 3.95 %

0.6 162 W 4.36 % 153 W 4.77 %

0.4 87 W 5.28 % 79 W 4.74 %

0.2 45 W 10.66 % 29 W 6.97 %

It can be seen that the largest loss contribution is from the semiconductor components
that contribute with more than half of the losses. The secondlargest source of losses is
the transformer. For this converter, also the filter inductance contribute with a significant
amount of losses. This is due to the filter design that was not optimized, but instead an
existing inductance was used. Comparing the calculated losses with the measured losses,
the calculated losses are similar even though the measured losses are slightly higher. This
it not surprising since just the large loss components and not all loss components are con-
sidered.
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Fig. 6.9 Calculated losses for the experimental setup.
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Fig. 6.10 Calculated and measured losses for the experimental setup.

From the comparison between the calculated losses and the measured losses, it can be seen
that the main loss contributions were identified. Also, the semiconductor losses and the
transformer losses contribute to just above 80 % of the totalcalculated losses. Due to this,
the loss calculations in Chapter 5, where the losses from thesemiconductor components
and the transformer are considered, gives reasonable values where the two main sources
to the total losses are considered. The calculated values ofthe semiconductor losses and
the transformer losses agrees with the measured values and therefore also the results in
Chapter 5 should be valid. The only exception is the core material for the transformer
where the correct losses for the material are not available,but for the steel core used in
Chapter 5 there is available loss data.

Comparing the efficiency of the experimental converter justabove about 3.5 % for input
voltage 300 V to the efficiency of between 2 % and 3 % for the high-power converters in
Chapter 5, it should be noted that the difference is due to thelow voltage level. The IGBT
and diode modules are rated for 1200 V and 1000 V but the input voltage is 300 V. Due to
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the low input voltage, the current must be high in order to increase the power transfer and
that will result in high conduction losses due to the high on-state voltage drop for the com-
ponents. For the high-power converter in Chapter 5, the voltage across the 3.3 kV IGBT
devices is approximately 1.7 kV and the on-state voltage drop is approximately twice the
on-state voltage drop for the component in the experimentalsetup. The conduction losses
will benefit from a high voltage and low current, and even withthe same ratio between
the current and the voltage a high voltage level, the ratio between the input voltage and
the on-state voltage increases leading to a higher efficiency. Also, the losses decrease with
decreasing duty cycle since the current is lowered but the voltage stays constant.
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Chapter 7

Conclusions and Future Work

In this chapter, the results from this thesis will be summarized and some suggestions will
be given for future research.

7.1 Summary and Concluding Remarks

In this thesis, three topologies of DC/DC converters are evaluated regarding their suitabil-
ity for the application in a DC based wind farm. The energy efficiency and the contribution
to the energy production cost of the converters, the fullbridge converter, the single active
bridge converter and the series parallel resonant converter, are considered as well as the
need of components. As stated in Section 4, the considered losses are the losses in the
transformer and in the semiconductor components. Additional losses as the losses due to
the cooling system, drive circuits and losses in the input and output filters are assumed to
be similar for all topologies and are therefore not considered. The resulting losses should
therefore be seen as a comparison between the different topologies more than an absolute
value.

In Chapter 5, the operating conditions are obtained for the DC/DC converter in a local
wind turbine grid consisting of five wind turbines. These operating conditions are used
for designing the converters for all positions in the local wind turbine grid for three differ-
ent control strategies. Knowing the designs of the converter and the operating conditions,
the losses are calculated as a function of the wind speed. Theaverage power loss for a
certain average wind speed is obtained by integrating over the probability distribution of
the wind speed.

It is found that the resonant converter and the fullbridge converter have the lowest losses of
the three types for the DC wind farm application with about 1.79 - 2.47 % power losses for
the resonant converter and about 1.47 - 2.92 % power losses for the fullbridge converter.
The single active bridge converter has the highest losses for all positions and operating
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points with 3.18 - 4.44 % losses. Since the fullbridge converter and the resonant con-
verter have similar efficiencies, other factors will determine the choice of topology. The
resonant converter requires a larger transformer and more IGBT modules, and therefore
the contribution to the energy production cost is lower for the fullbridge converter than
for the resonant converter for some positions in the local wind turbine grid, even though
the losses are higher. Further, the fullbridge converter has the advantage of a constant
switching frequency, a less heavy transformer and also low peak values for the voltage
and current. The resonant converter has almost no switchinglosses but has a larger trans-
former, it requires a resonant capacitor with high current and voltage rating and also has
large stresses for the input and output filters at low power levels. Also, the fullbridge con-
verter has a current stiff output which requires a large filter inductance while the resonant
converter has a voltage stiff output which requires a large filter capacitor. Regarding the
control strategies, control strategy 3 (with constant voltage levels) using the fullbridge
converter as the wind turbine converter and the resonant converter as group turbine is the
choice with the lowest losses, which is 3.29 % including the losses for both the wind
turbine converters and the group converter. Control strategy 2 (with voltage adjustment
in the group converter) has the highest losses which is 4.19 %due to the low efficiency
of the converter for position 2b. Control strategy 1 with voltage adjustment in the wind
turbine has total losses of 3.93 %. For the choice of control strategy, also the rectifier
used together with the generator should be considered. For control strategies 1 and 2, a
diode rectifier gives a variable voltage and for control strategy 3 an IGBT rectifier gives a
constant output voltage.

The lowest contribution to the energy production cost is given by using control strategy
3 with the fullbridge converter that contributes to the total energy production cost with
0.0306 SEK/kWh Moreover, the resonant converter will have adisadvantage of the large
resonant capacitor, extra insulation due to the high peak voltage, large filters and also the
variable frequency control. These factors will lead to an increasing investment cost for the
converter and thereby make the fullbridge converter a suitable choice for the wind farm
application.

The experimental results verified that the current and voltage waveforms from the ideal
simulations agree with the measured waveforms for the fullbridge converter and are there-
fore appropriate to use in the loss calculations. Further, the losses were identified for the
experimental setup and the calculated losses agree with themeasured losses.
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7.2 Proposals for Future Work

In this thesis, the DC/DC converter is studied that is a key component for the realization
of a DC based wind farm. To further study the DC based wind farms, the properties of a
DC grid should be studied including the DC/DC converters. For achieving that, one of the
topologies should be chosen and a dynamic model should be obtained for that converter.
Then, a model of the whole wind farm including wind turbines,cables, DC/DC converters
and an HVDC connection should be used for the investigations.

There are some interesting aspects to investigate for the DCbased wind farm:

• How the DC grid should be controlled during normal operation, both with and with-
out communication between the different parts of the grid.

• How the internal DC grid should be designed, including choice of voltage levels,
the need of auxiliary power and how the system should be grounded.

• How the wind farm can handle faults, both internal faults andride-through proper-
ties in the case of a fault in the grid.
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O. F. C. Calkoen, A. J. Göbel, H. T. Brinkhuis, R. C. Lagers, and W. G. S. van
Korven, “Scale model testing of the Ampelmann, safe and easyaccess to offshore
wind turbines,” inProc. Copenhagen Offshore Wind 05, 2005.

[27] S. Vestergaard, “Offshore technology/operation & maintenance - accessibility,” in
Proc. Copenhagen Offshore Wind 05, 2005.

[28] N.-E. Ottesen Hensen, “Experiences with simple and repititive offshore founda-
tions,” in Proc. Copenhagen Offshore Wind 05, 2005.

[29] P. Vølund, “Concrete is the future for offshore foundations,” in Proc. Copenhagen
Offshore Wind 05, 2005.
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