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Abstract

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

Itis found that the resonant converter and the fullbridgeveater have the lowest losses of
the three types for the DC wind farm application with abou®%.2.47 % power losses for
the resonant converter and about 1.47 - 2.92 % for the fdljjgriconverter depending on
the position in the wind turbine grid. The single active lgecconverter has considerably
higher losses than the other two topologies with 3.18 - 4.4d$%es. It is shown that the
variable operating conditions create problems for allé¢hzenverters, and as mentioned
the single active bridge converter is most affected by thdewange of operation condi-
tions. When comparing the resonant converter and the fdglbrconverter, the fullbridge
converter has a smaller transformer as well as lower peakmuand peak voltage, but
also a higher number of diode modules in the output bridgen@aring the contribution
to the energy production cost for the converters, the tapoWath the lowest contribution
varies between the positions in the wind turbine grid. Fbpakitions except position
2b, the resonant converter of the fullbridge converter haddwest losses. Considering
the resonant capacitor, the higher peak voltage and thabtarirequency control for the
resonant converter, the fullbridge converter is here fownle the most suitable choice
for the wind farm application. A measurement verificationasducted for the fullbridge
converter, and the result found is that the simulated wamesand the calculated losses
agree with the measured values.

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

Introduction

1.1 Problem Background

For utilization of wind energy, an attractive option is talddarge offshore wind farms.
The planned offshore wind farms have large power ratinggpewad to the offshore wind
farms existing today, and there will also be an increasistadice to the shore and to the
point of common coupling, PCC. For all offshore wind farmasble transmission will be
the only solution [1]. If the transmission distance is lomgf the grid to which the farm is
connected to is weak, a high voltage direct current (HVD@Jes&ransmission could be
an attractive transmission system, instead of using a haffage AC cable transmission
[1, 2, 3]. In [4] different configurations of electrical sgsts for large wind farms have
been investigated. From this investigation it is shown #iatl farms with DC-grids is an
interesting option for future wind farms from an energy qusint of view, providing that
the losses and cost of the DC/DC converters will not be tob.hig

Assuming that the wind turbines produce a DC voltage as o\gfter a rectification of
the generator output), they can be connected in differepswaachieve the desired volt-
age level for the HVYDC transmission. One possibility is tawect the turbines in parallel,
which can be done in different ways and an example is showigirlEL. A suitable num-
ber of turbines are connected in parallel to a DC/DC convéateaise the voltage level.
These groups are then connected in parallel to a DC/DC cmm&hich makes up the
transmission voltage. In these DC-based wind farms, tisea@eed of DC/DC converters,
both converters for the single turbines and for convertetis higher power designed to
handle a group of turbines or a whole wind farm. A key compof@rthe realization of
a DC-based wind farm is the high-power DC/DC converter. DIEDC converter will
have the same function in a DC wind farm as the AC transformartraditional AC wind
farm.
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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 haveb@&xtensively studied in
earlier literature. Recently, also interesting work canagg high power DC/DC convert-
ers has started to emerge. Since there is a general demasthétler and less heavy
converters, the switching frequency tends to be higheedinat reduce the size of trans-
formers, capacitors and inductors [5]. The resulting iaseeof the switching losses leads
to a demand for a reduction of these losses by achievingwdttreng conditions for the

power devices.

1.2.1 Topologies for DC/DC Converters

The fullbridge (FB) converter, seen in Fig. 1.2, with diffat control schemes have been
extensively studied in literature. Common for most of thedsts is that there has to be
some kind of soft-switching to reduce the switching losgesommon way of achiev-
ing reduced switching losses is to use the phase-shiftesbpuidth modulation tech-
nique [6, 7, 8], which requires snubber capacitors condeateoss the switches as seen

in Fig./1.2. This will be further investigated in Chapter 3.

Vs © G

S J(% SﬁJﬁ}ﬁ__li

YN
J& Ds D,

s
"t Gt

Lioad

Cloas =

= Ricad [] +VIoad

Fig. 1.2 Topology for the FB converter using phase shift control.



1.2. Overview of Previous Work

The single active bridge (SAB) converter was first presemt¢®] and then further inves-

tigated in [10]. The topology is the same as for the fullbeéagnverter shown in Fig. 1.2
except for the voltage stiff output instead of the curretit stitput for the FB converter.

As a consequence it behaves differently and accordingly dontrolled in a different

way [10]. Soft switching at turn-off is achieved by addingnoff snubbers across the
switches and turn on occurs at zero current.

Resonant converters are introduced that use a resonartbtackieve soft-switching [9,
11, 12], which has the advantage of reduced switching ldagdsas to contain a resonant
inductance and resonant capacitance resulting in largelating currents and high con-
duction losses. The resonant tank consists of inductivecapdcitive components and
is located in between the input bridge and the rectifyingpatibridge. In addition, the
components in the resonant tank must be rated for high dasreenl high voltages. There
is no need for snubber capacitors since switching occursrureto current and/or zero
voltage conditions due to the resonant tank.

1.2.2 Loss Comparison

There are different methods for loss calculations for thHeint components. The cal-
culation of losses in an inductance is described in [13, B4, the switching losses are
described in [5, 16, 17] and the losses in the transformetrea¢ed in [18, 19].

There is a number of papers presenting different loss etrahsaof soft switched and
hard switched converters. In [20], it is proposed to add capasnubbers across the
switches in a traditional H-bridge to reduce the turn-offides. However, the losses are
not completely removed, but a part of the losses can be movextérnal capacitors and
there can also be turn-on losses in the switches due to thkadge of the snubber ca-
pacitors. Many different solutions have been proposeddaae the losses, and in [20]
it has been shown that the efficiency can be increased from 8299 % for a 50 kVA
DC/DC converter. In [5], the losses were compared for a 1000@YDC converter for
the hard switched fullbridge converter, the phase shiftéithridge converter, the series
parallel resonant converter, the dual active bridge an@txdiary resonant commutated
bridge. It was found that the resonant converter has thedpefficiency with 94.3 %
while the other topologies had an efficiency around 96 %. Tilg exception was the
hard-switched fullbridge converter that also had an efficyeof 96 %, however it had a
lower switching frequency, 5 kHz compared to 20 kHz for theeottopologies. In [9] the
operation and component stresses are studied for a 7 MW deneemparing the full-
bridge, single active bridge and resonant topologies. Mewghere is no loss comparison
for these converters.
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1.3 Purpose of the Report

For the application in a wind farm, there is a lack of inforfaatin how the variable low
output DC voltage from the wind turbines can be transfornmed & high constant DC
voltage suitable for transmission in an energy efficient.Jway this, knowledge is needed
of how high-power DC/DC converters behave in the wide rarfggperating conditions
that occurs in a DC-based wind farm. Accordingly, the puepokthis report is to in-
vestigate these issues and present key results. One spggafics, since the operating
conditions vary strongly, to study the difficulties in opamg the DC/DC converters at
high efficiency at all wind speeds, and also to investigatiedfe are any difficulties due
to the high power ratings for the converters. Moreover, an laére is to find how the
variable voltage from the turbines is transformed to thedafarm output voltage in the
most energy-efficient way and with the lowest possible ¢buation to the energy pro-
duction cost. Finally, a goal is to verify some of the restrtgn the simulations using an
experimental setup.

1.4 Layout of the Report

First, there is a general introduction to wind power andhaife wind farms in Chap-
ter(2. The conversion of wind energy into mechanical andtetet energy is described
as well as some introduction to offshore wind farms, thegmaission to shore and grid
integration. In Chapter 3, three possible topologies fghipower DC/DC converters are
presented along with the components needed to realize toeserters. In Chapter 4,
the loss calculations are described for the different camepts in the converter. These
loss calculations are needed to optimize the convertersamgbare the efficiencies. In
Chapter 5 the operating conditions for the DC/DC conveiteasDC based wind farm are
lined out using a local wind turbine grid with different camitstrategies to adjust the volt-
age levels from the varying output voltage from the generat@ constant transmission
voltage. For these obtained operating conditions, coexeere designed using the three
described topologies for all positions in the local windoine grid. The losses and per-
formance of the three topologies using the different cdstrategies are compared. From
the losses and the designs of the converters, the contnibiatithe energy production cost
from each converter is calculated. Finally, in Chapter 6,résults 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:

| L. Max and S. Lundberg, “System efficiency of a DC/DC converter basind
turbine grid system,” ifNordic Wind Power Conference (NWPC) 2006, May., 2006.
The paper has been recommended for consideration for aa$sestie of the Wind
Energy journal.

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

[l L. Max and T. Thiringer, “ Snubber and control method selectioraf6rMW wind
turbine single active bridge DC/DC converter”, submitted2th 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 installad power capacity has

increased significantly during the last ten years [21], &edtend is to install larger wind

turbines and group them together to large wind farms. Fasetharge wind farms that

require a vast area, offshore locations is an interestitigiodn this chapter, the basics of
wind energy will be described and also some of the challengigsoffshore wind farms.

2.1 Conversion of Wind Energy

The basic principle for a wind turbine is to convert the egenghe wind into mechanical
power and then into electrical power. The mechanical enebggined from the wind is a
function of the wind speed as well as the design and contribleofvind turbine.

2.1.1 Wind Distribution

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

Flw) =5 () exp [— (ﬂ)k} . (2.1)

C C C
In (2.1),% is a shape parameteris a scale parameter ang, is the wind speed. If = 2,

the Weibull distribution is known as the Rayleigh distribut wherec is given by the
average wind speed, [23] as

2 _
C = ﬁww. (22)
The probability distribution is then given by the averagedvwspeed [22] as
MWy mufv
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The average wind speed varies between different locatamesage values of 7.2 m/s and
5.4 m/s have been measured at two different sites in Swedé&njethe wind farm Horns
Rev at the Danish west coast, the average wind speed is 1026]/sThe probability
distributions for these different average wind speedsgugie Rayleigh distribution are
shown in Figl 2.1.

0.16
— Average wind speed 5.4 m/s
0.149 -~ 2N | — Average wind speed 7.2 m/s
N - A ind d 10 my/
20121 1\ verage wind spee m/s
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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 &chanical power by the
rotor blades. The amount of energy converted from energphénvitind to mechanical
energy on the shaft of the generator is given by [22]

1
Pmech = §pairArCP()\tip7 ﬁ)wi (24)

In the so called”s (A, 3)-curve,Cp is the power coefficient and is the pitch angle.
Further,\;;, is the tip speed ratiay,, is the wind speedy,;, is the air density and\, is
the area swept by the rotor. The tip speed ratjpis calculated from the rotor speéll,
the radius of the rotor, and the wind speed as

Q?" '8
Nip = —". (2.5)

Since the mechanical power is a function of the tip speed ra}j, the speed of the rotor
should be adjusted so the maximum mechanical power is aghigvevery wind speed.
However, at high wind speeds it is necessary to limit the polivean basically be done
in two ways, either by stall control or by pitch control. Wigkall control, the blades are
designed to stall at high wind speeds and no pitch contraésliad. The second and most
common method used in almost all variable speed wind tushisgitch control [23].

8



2.2. Wind Turbine Systems

Below rated wind speed the pitch angle maximizes the enexgtuce, and at higher wind
speeds the mechanical power is reduced by changing theaitgle. In Fig. 2.2 output
power, voltage and current are shown for an ideal varialdedpvind turbine with a syn-
chronous generator.

a)
g 4
=
g 2
(o]
o
0 -
4 6 8 10 12 14 16
b) .
5.
z
= 4_
(0]
{@)]
S - —
S 31 — diode rectifier| -
> — IGBT rectifier
2 - - T
12 14 16
c) . . .
— 17
S
5 051 o
5 — diode rectifier
O — IGBT rectifier

4 6 8 10 12 14 16
Wind speed [m/s]

Fig. 2.2 Output from the wind turbine rectifier. a) power, b) voltage &) current.

The output voltage from the turbine can be rectified eithémgua diode rectifier or an
IGBT rectifier. In Figl 2.2 the difference in the output vajeafor these different rectifiers
is shown. It is seen that when the diode rectifier is used, tity|gud voltage is proportional
to the speed and when the IGBT rectifier is used, the voltagd tean be adjusted to
the same voltage for all wind speeds. As long as the wind siseeelow the rated wind
speed, the speed of the rotor is adjusted to give the maximupubpower. At higher
wind speeds the power should be limited and the speed of thmé&uwill therefore stay
constant. In reality, the voltage in Fig. 2.2 b) will not alygsstay constant for wind speeds
higher than 10 m/s, instead the voltage can decrease witbasing wind speed if the
generator has a significant synchronous reactance.

2.2 Wind Turbine Systems

There are different ways to convert the mechanical powen fitwe rotor blades to elec-
trical energy. It could either be done with a fixed speed gaoeor with a variable speed

9
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generator. Different types of generator systems are destm [3, 23] and will here only
be described briefly. For all systems, the rotational spdatieowind turbine is fairly
slow and a gearbox is therefore needed to adjust it to thériel@drequency. In case of
a synchronous machine it is possible to use a multipole géoreaind in this way avoid a
gearbox.

2.2.1 Fixed Speed Turbine

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

|

Transformer
-{— Gearbox stSa(r)tfet:r T (X/F
1L L

J S

b Capacitor bank

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 rotaimspeed of the turbine is

controlled by power electronics. The generator could beeeia synchronous generator
or an induction generator. If the generator is designed muiittiple poles there is no need
for a gearbox. In the variable speed wind turbine, power dlaibns caused by varying

wind speed can be absorbed by slightly changing the rotadspe

2.2.3 \Variable Speed Turbine with Doubly Fed Induction Geneator

The system in Fig. 2|5 consists of a wind turbine with a dodetyinduction generator
(DFIG). In the DFIG, the stator is directly connected to thig gvhile the rotor is con-

nected to a converter via slip rings. The converter only bdsandle 20-30 % of the total
power and the losses in the converter can be reduced comigeatieel converter that has

10



2.3. Offshore Wind Farms

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

Transformer

AC T DC
k== Gearbox =
DC AC

Power electronic
U converter

Fig. 2.4 Variable speed turbine with an induction or synchronousegsor.

|
Transformer
f=—= Gearbox ) ( )—
\-—
U AC /——pC — |
DC [— AC

Power electronic
converter

Fig. 2.5 Variable speed turbine with a doubly-fed induction ger@rédFIG).

2.3 Offshore Wind Farms

Today, there is a large interest for placing wind turbindshadre in large wind farms.

A large offshore wind farm is more complicated to design thasmall onshore wind

farm. Offshore wind turbines require maintenance as wetlreshore wind turbines, but
to reach the offshore turbines can be costly and difficulf Z§. Moreover, important to

point out is that since the planned wind farms include a lamgmber of turbines, they
require a large space and the internal grid in the wind faredaepecial attention dur-
ing the design process. For offshore locations, the fouowl&r each turbine is the only
item that can not be standardized [28]. A common foundatomffshore wind turbines

is the steel monopile foundation [28, 29, 30], but also cetecgravity foundations have
been used with success [29]. The monopile structure is udedsvely in the offshore

and nearshore environment for supporting oil and gas ptag@nd other structures [30].
Other possible solutions for offshore foundations are tiped and the jacket structures,
which are described in [30].

11



Chapter 2. Wind Turbines and Grid Connection

There are some different suggestions for layout of offskidrel farms presented in [4].
This include an AC based wind farm as well as two different xSdnl wind farms. One
of these options is the wind farm that was shown in Fig. 1.1ctvinas replaced the AC
cables and AC transformers in a traditional AC wind farm vid@ cables and DC trans-
formers. Another option presented in [4] is to connect thedAurbines in series until the
transmission voltage has been reached. This will elimittegeneed for DC/DC convert-
ers, but on the other hand the control will be more difficuil @ery wind turbine has to
be isolated for a high transmission voltage. In/[31] a medftequency (500 Hz) wind
turbine grid is proposed using cycloconverters for theihe$. This solution will reduce
the number of series connected IGBTSs in the voltage sourpeecter and is also resulting
in lighter transformers (compared to transformers for 50 $iace they are operating at
medium frequency.

2.4 Transmission Systems for Offshore Wind Farms

The first offshore wind farm has been in operation since tlggnoeng of the 1990’s. At
that time, the installed capacity was less than 10 MW and itteecf the offshore wind
farms have increased since then [1]. However, the offshard farms existing today still
have relatively small installed capacity and are placedhiwiti short distance from the
shore[2, 32]. At mid 2005, all existing offshore wind farnre aonnected by HVAC ca-
bles and only three of them have offshore substations [2,138§ wind farm Horns Rev
in Denmark is the first large offshore wind farm constructe@002. It has a capacity of
160 MW and is connected to the shore with an approximatelymifokig AC cable [25].
In several countries in Northern Europe offshore wind faaresplanned with power rat-
ing from 100 MW to above 1000 MW [1]. Besides the larger size¢hef offshore wind
farms there will be an increasing distance to the shore abi@ teansmission will be the
only solution. The transmission distance from the wind féarthe shore together with the
distance on land to reach a suitable interconnection pdiah@nd up with a distance of
50-100 km [1]. As a result, for offshore wind farms that haweg transmission distances
to the grid and often a large installed capacity, the trassion of power and integration
to the grid needs to be considered carefully.

If the offshore wind farm is large and situated at a long diseafrom the shore, there is
a need for one or several substations for stepping up thagelo the voltage level for
HVAC transmission or converting the power for HVDC transsias. For the transmission
system for offshore wind farms there are basically two opj@ither an HVAC cable or
an HVDC cable [1, 2, 3].

12



2.4. Transmission Systems for Offshore Wind Farms

2.4.1 High Voltage AC (HVAC) Transmission

The experience of very long (about 100 km) offshore cableneotions using AC cable
are limited [34]. For long transmission distances, the pobidn of large amounts of re-
active power can be considered as the limiting factor forHIMAC cable [2, 33]. The
high capacitance in the AC cables generate a consideraggue current which reduces
the active current carrying capacity of the cable and regutompensation devices for
large distances [3]. The capacitance in the cable is mudiehidpan the one for an over-
head line and the reactive power is increasing with voltagkteansmission capacity, and
therefore there is a limited transmission distance for AGles[1]. A possible solution
is compensation, for example by several FACTS (Flexible A@nsmission System) de-
vices such as thyristor controlled reactors (TCR) distedualong the cable. However,
in practice the submarine cable for transmission to shareody be compensated at the
platform for the wind farm and on shore, effectively limigithe possible power trans-
fer for a given cable length. The critical distance for HVA&btes has been found to be
202 km for 400 kV and 370 km for 132 kV [2, 33] for a transferrealyer of between
500 MW and 1000 MW. The critical length is defined as when hidtlhe reactive current
produced by the cable reaches nominal current at the endeofarie. Further, when the
HVAC cable is used, the AC local wind turbine grid and the ngid are synchronously
coupled and all faults in either grid can affect the othed {f8.

For the realization of an HVAC transmission system, the sdembmponents are HVAC

submarine transmission cables, offshore transformerapeasation units both onshore
and offshore and onshore transformers depending on thentiasion voltage. When cal-

culating the losses of an HVAC transmission system, it has b@und that the major part

(above 80 %) of the losses are losses in the cables [2, 33]cd$teof the substations is

low compared to the HVDC transmission, but the cost for theesais higher [3].

2.4.2 High Voltage DC (HVDC) Transmission

For HVDC transmission, there are two alternatives, the L@wnmutated Converter
based and the Voltage Source Converter (VSC) based HVDGnhiasion system. Both
the losses and the voltage drop in the HVDC cable is lower thathosses in the HVAC
cable and there is no critical cable length except the graldimitations [1, 3]. Further,

HVDC only requires two cables instead of three and the HVDilesaare also smaller in
size and lighter [1].

Line Commutated Converter HVDC System

The line commutated converter HVDC transmission systeso(ehlled HVDC classic)
is the traditional HVDC system using thyristor based cotarsrthat has been developed
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Chapter 2. Wind Turbines and Grid Connection

over 50 years [1]. It is available for power up to 3000 MW [3BHahe remaining devel-
opment is to build systems for power above 3000 MW and digtstanger than 1500 km
in China [1]. Since the thyristor can not be turned off exagpéen the current through it
reverses direction, it is called a line commutated conver realize this transmission
system, a number of components are needed including theedenbased on thyristor
valves. For the line commutated converter HVYDC system, thnpart of the losses orig-
inate from the converters at both ends of the HVDC cable. Bineatself contribute with
approximately 20 % of the losses for an example with ratedgpa#500 and 1000 MW
and transmission distances of 100 and 200 km [2, 33]. Thecamemutated converter
HVDC system often uses the abbreviation LCC. This is not dorthis thesis in order
to avoid confusion sine the abbreviation for the serieslf@r@sonant converter used in
this thesis also is LCC.

Voltage Source Converter (VSC) HVDC System

The VSC HVDC transmission system is a newer technology basetbnverters using
IGBT modules. This new technology is manufactured by botiBAkhere it is called
HVDC Light™ and by Siemens where it is called HYDC PLUS. The first HVYDC ItI¢fh
installation made by ABB was the 50 MW and 70 km link on Gotlamd 999 [1]. An
advantage with the VSC HVDC is its capability to supply andab reactive power and
thereby support power system stability [2, 3, 33] and takeipasoltage regulation. Also
for the VSC HVDC transmission, the major part of the lossesaissed by the two con-
verters. For the VSC HVDC the high losses in the converteused by the high switch-
ing losses due to the high switching frequency and the higbheduction losses in the
switches is a clear drawback. The losses in the cables iskeat20 and 30 % of the total
losses for example with rated power of 500 and 1000 MW andtnéssion distances of
100 and 200 km [2, 33]. Presently, the so called HVDC Li§rnfrom ABB is developed
to approximately 550 MW [35], and the HVYDC PLUS from Siemessavailable 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 HVD(as been found
in [2, 33] that for very large wind farms (above 200 MW), HVA@dthe lowest losses
for distances up to 55-70 km from shore depending on therrtesi power. For longer
transmission distances it has been found that the HVDCiclastution has the lowest
losses. In [3], the losses in HVAC and VSC HVDC transmissigsteams have been com-
pared for wind farms between 100 and 500 MW and a transmigsgtance of 60 km.
It was found that the VSC HVDC transmission has the highesstds, mainly due to the
high losses in the converters. Also considering the totats;ahe VSC HVDC solution
is more expensive than the HVAC solution [3]. In [1] it was fouthat for an offshore
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2.5. Connection to the Grid

application for VSC HVDC with 350 MW transmitted power and kifd sub sea cable
and 30 km land cable, the direct investment cost would beaheedor VSC HVDC and
HVAC, which is about 110 - 140 MEuro. Further, it should beetbthat the grid rein-
forcement costs may be significant when using HVAC but nastieg when using VSC
HVDC [1]. The competitiveness of the HVDC transmission @ases with the size of the
wind farm and the transmission distance. HVDC can be andstig alternative if the
transmitted power is 200 - 1000 MW, if there is a need for adast accurate control and
if the distance is more than 50 km. It can also be an intergstiternative if it is difficult
to obtain permits for OH-lines, if there is a weak AC networldat can also increase
both the long-term and short-term voltage stability [1]stiould be kept in mind that
there is also other properties that affect the choice ofstrassion system, for example
the number of cables required, reliability and integratidn the onshore power system.
For example, in the HVDC classis transmission the convsttgion are much larger than
in VSC HVDC [1, 35] and therefore not suitable for offshorgkgations where the con-
verter is situated on a platform. Further, the VSC HVDC hasadhility to control the
supplied reactive power and can thereby help to control tiiage stability of the net-
work. Another possibility with HVDC connection is to contiecwind farm directly to
an HVDC link used as interconnector between two electricalgr systems [32]. This
interconnector is preferably done with an HVDC link whiclethcan be used for two
purposes, both connecting an offshore wind farm and crgatiimk between two power
systems. A condition for this is that the interconnectosess 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 havebatauatial impact on the
electric transmission system. This is caused by the reniiihg sind possible problems
for system security. As a result of the varying output powentwind generation and the
fact that energy cannot be stored in a substantial way, tteaerel be a need for both long
term and short term power balancing, in addition to the reagiower aspects [3]. The
operational strategy of the power system must consideretred bf wind power penetra-
tion. Even the voltage control capability of a network iseated by wind generation since
wind turbines can require a large amount of reactive powdnand power can replace
conventional power plants with excellent voltage contegabilities [3]. The voltage con-
trol can be improved by using a VSC HVDC connection to the warn, the reactive
power supplied can then be controlled which supports thiagelat 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 corersrfor the application in
a DC-based wind farm. From literature, three topologies tla@e been shown to have
good characteristics have been selected. They are theidigiboconverter using phase
shift control [5, 7, 37], the single active bridge convelfi@r10] and the series parallel
resonant converter [38].

In this section, first the transformer and semiconductorpmmments used in the DC/DC
converters will be studied and then the three converterlogpes will be described. It
should be stressed that the transformer design is not @dulfring description of this
subject, but instead the background theory for the transfos used in this thesis.

3.1 Components

For the design and loss calculations for the convertersjéisggn of the transformer and

the semiconductor switches and diodes must be known. thiestransformer is described,
including the choice of core material, the design procedsla@ cause of the losses in the
transformer. Then the basics of the semiconductor compsraga described including

the diode and the MOSFET and the IGBT transistors. Finallg, gsnubber circuits are

introduced that limit the turn-off losses.

3.1.1 Transformer

The transformer is a magnetic component needed in a conwvehnteh is often designed
for a specific application and is not commercially availahla wide range of properties.
In [12, 37], the magnetic properties as well as the designge®and considerations for a
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transformer are explained in detail. In this thesis, a baaitsformer design is made for
each converter providing data for calculation of the logsélis component.

Magnetic Materials

The properties of the magnetic core material are importantife performance of the
transformer. For different core materials, the losses #ierent and may vary differently
with frequency and flux levels. These factors must be cdyefansidered in the design
of the transformer.

There are mainly two classes of materials used for magnet&san transformers [12].
The first class includes alloys of iron and small amounts béotlements like chrome
and silicon. These materials have a large electric condtyctompared to ferrites and
the saturation flux density can be as high as 1.8 T. In the illog enaterials, there ex-
ist both hysteresis losses and eddy current losses. Thenme®f eddy current losses
makes the materials suitable for lower frequencies, apprately 2 kHz and below, and
the material must be laminated to reduce eddy current Idssdsequencies as low as
60 Hz [12]. Cores made from powdered iron or powdered irooyalhave a larger re-
sistivity and a lower eddy current loss than laminated cares can thereby be used at
higher frequencies. However, the reluctance in these mabtés lower than for classical
iron shells. There is also a possibility to use various arnougs alloys of iron and other
metals together with approximately 20 atomic percent obhpsilicon and other glass-
forming elements. These alloys have the trade name METGLAIShave larger electric
resistivity as well as larger saturation inductance at éghperatures than ferrites. The
second class of materials is ferrites, which is an oxide unexbf iron and other materi-
als [12]. For the ferrites, the electric resistivity is hight the saturation flux density is
low and the ferrites have only hysteresis loss since the ragistivity reduce the eddy
current loss.

The hysteresis loss is caused by the hysteresis in the B-Fhaeastics of a magnetic
material [12, 37]. The area inside the B-H curve represept¥wone to the material by
the applied field which causes heat and a temperature rige imaterial. In [12, 39, 40]
the general expression for the core losses in the case ofisasital voltage exciting the
core is

Pcore = Kl tIT(Q (Bmam)KS‘/core- (31)

Here the core los#®,,,. is a function of the peak value of the ac flux dendity,,, and
the switching frequency,,.. Further,K;, K, and K3 are constants that vary between the
materials and/,,,.. is the volume of the core. However, loss coefficients arenoftm-
vided from the manufacturer of the core only for sinusoidait@tion. For non sinusoidal
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3.1. Components
excitation, the core losses can be given by
1 _
Pcore = ;Klfe{? I(Bmam>K3‘/core (32)

assuming no temperature dependence of the core losse]4Hete,r is the switching
period andf,, is the equivalent frequency. In the case of a PWM-type DC/Derter
the equivalent frequency can be calculated with

2 1
feq = Pftrm (33)

whereD is the duty cycle [41, 42].

Further, it has been shown in [39] that the core losses arerlfov a core with square
wave excitation than for a core with sinusoidal excitatiwhgen the peak fluxg,, .. has
the same value.

Copper Windings
Copper is used for transformer windings because of its hagtdactivity and that it is
easy to bend to tight windings [12]. The winding losg&sare given by

Py =12 Ryri + I2 R (3.4)

pri sec

for the primary and secondary windings [41]. The dc-resisdR,,; of the primary wind-
ing andR,.. of the secondary winding are given by

Lo pri Nopri
R, = o P P 35
v ACu,pri ( )
and
lw seeN.
oo = w,sec sec. 3.6
R ACu,sec ( )

Here o is the resistivity of coppef,, ,; andl, ... the average lengths of winding turn,
Acupri and Acy s the areas of the windings and,,; and N,.. the number of turns.
Neglecting any leakage and magnetizing currents, the batiween the primary and the
secondary currents are given by

Npri
— . 3.7
Nsec ( )

Due to the skin effect, the current in a conductor concesdraiwards the surface at high
frequencies and the result will be an increase in the cudensity and thereby also the
effective resistance [12, 18, 37]. If the diameter of thedrartor is larger than the skin

Isec = Ipm’
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depth, the loss will increase significantly in the conduetibhigher frequencies. This in-
crease can be reduced by making the diameter of the condastothan the skin depth.
Another advantage with a conductor with small diameter & the eddy current losses
are reduced. However, to only reduce the conductor dian®teot a solution since a
smaller diameter will give higher resistive losses. Cotingcseveral small twisted cables
with diameters significantly smaller than the skin depthangtiel (called Litz wire) will
reduce the resistive losses but not increase the eddy tiloeses. The small diameter of
the conductors in the Litz wire, also called strands, wilieéin that the resistance is not
significantly increased at higher frequencies. Also, inta liire, all strands occupy each
position in the cable equally [39].

For the Litz wire, the number of strands multiplied by the doctor aread.,, ., for each
strand gives the total copper ardg,, for the Litz wire. The total copper area multiplied
by the number of turns will be less than the cross sectiorea af the windingA4,,, and
the resulting ratio is called the copper fill factor which igemn by

Ay
Reasonable values for the copper fill factor is from 0.3 fde Wwire to 0.5-0.6 for round
conductors.

kow = . (3.8)

In [40], the power los$’,, in a conductor carrying ac current,,, is calculated as

Py = K, ot o

A, s (3.9)
In (3.9) K, = gzc is the ac-resistance coefficient which is given by [40, 41]
Rac 2
Koo = R 0.5y [M(y) + (2m — 1)*D(y)] (3.10)
where
y = hc/d (3.11)

is the normalized conductor thickness. For a round conduete @d whered is the
wire diameter and = % where f,, is the frequency. For a foil conductdrg is the

conductor thickness andis the skin depth at 10C. In (3.10)m is the number of layers,

M(y) = sinh(y) + sin(y) (3.12)

~ cosh(y) — cos(y)

e inh(y) — siny)
_ sinh(y) — sin(y
bly) = cosh(y) + cos(y)’ (3.13)
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3.1. Components

The power loss in the windings can then be obtained by adtmbpsses of each harmonic
component [41], which is done by

= RCLC
Py = Z(Iiri,thTi + Iszec,h + Riec) (Rd )h . (3.14)
h=0 ¢

Design of a Transformer

The transformer is complicated because it requires two eemanductor windings on the
magnetic core. The medium frequency transformer haverdiftgporoperties compared to
the line frequency transformer [39], both the power deraitgl the loss density are high
compared to the line frequency transformer. Since the geltavel used is high and the
core is small, the space needed for insulation can causdkeproln the design of a trans-
former for soft switching DC/DC converters, the leakageauctdnce needs to be carefully
controlled [18].

In this design, two c-cores are used as shown in[Fig. 3.1 Wwighatinding arrangement
shown in Figl 3.2. Here, only two c-cores are used but if theimam winding radius is
large, a larger number of c-cores can be distributed aloagvthdings.

Fig. 3.1 Two c-cores used for transformer design

As a first step, the winding design for the converter is deiteech The number of primary
turnsN,,,; in the winding is determined and can be varied in order to figdible design.
Knowing the number of primary turns, the number of secontiamys are given by

Vsec
Nsec = Npri Vo
pri

For the primary winding, which is the low-voltage windingfadl conductor is used and
for the secondary winding, which is the high voltage windiaditz wire is used. The in-

(3.15)
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ha Ay Auwpi Awsec

Fig. 3.2 Winding arrangement for the transformer

sulation is supposed to withstand a maximum electric field,gf, = 10 kV/mm, which is
lower than the maximum field for transformers used for 50 Husoidal voltage. The in-
sulation distance, ,,; andd; ... for the windings are then obtained from the peak voltages
as

‘/pri,mam

‘/sec mazx
di,pri = E s di,sec = E 7 . (316)

The width of the foile,, ,,; for the primary winding is assumed to be equal to the skin
depthé and calculated with

20
Whheu
For the foil conductor in the primary winding, the copperaafer one turn is calculated
by

<od=

6w,p7’i =

(3.17)

I 71
Acu,pri = Jp - (318)
pri

The height of the winding is then dependent on the numberraflealayersnyp,,; for the
primary winding as seen in Fig. 3.3.

The height of the winding is then calculated by

Acu I
Do pri = B AL (3.19)

ew,prinppri

With the insulation distance af; ,,; between the windings andl,,; number of turns, the
winding heighth,, ,,.i1,+ and widthb,, ,,..: for the primary winding can be calculated as

hw,pritot = hw,pri + 2di,pri (320)
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ew,pri
—

di.pri

Cw,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- (321)

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

I
A = 22
cu,sec Jsec0.75 (3 )
The diameter for the copper wire is obtained by
A
Cw,sec = 2 C%sec- (323)
T

For the secondary winding, the number of tums, is assumed to be divided intg,..
layers. In Fig. 3.4, the secondary winding can be seen whediided into 1 or 2 layers.
It should be noted that this is the high voltage side and eableds one turn unlike the
primary winding where each turn can be divided into seveagditel foil turns.

Just as for the primary winding, the winding heighf sc..,« and widthb,, s....+ for the
secondary winding can be calculated using the insulatistadced; ;.. as

Nsec
hw,sectot = (ew,sec + di,sec) + di,sec (324)

sec

and
bw,sectot = npsec(ew,sec + di,sec) + di,sec~ (325)
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€w,sec

msm

msm

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

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

hw = max(hw,pritota hw,sectot)a bw = bw,pritot + bw,sectot- (326)

For the complete dimensions of the transformer, also tha af¢he core needs to be
determined. For this, the peak flux density,,, in the core is determined and should be
lower than the saturation flux densiB,;. The core area can be calculated using

)\pri
Acore = m (3.27)
where
)\pri = / Upri (t)dt (328)

tpos

is the integral of the voltage across the primary windingrayithe positive period,, [37].
Knowing A, and assuming that.... = d..... these dimensions are given for the core.

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

Pcore = Klft[:2(Bmax)K3‘/core~ (329)

The mean turns length, ,,,; andl,, ;.. of the windings can be calculated from the known
dimensions and the DC resistance in the windings are olut@ise
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Ulw,prinri Ulw,sechec

R ri — 5 Rsec - 330
P ACu,pm' ACu,sec ( )

The copper losses in the windings are then calculated by
Pw = Kac,priRprinri + Kac,secRsecIseo (331)

The total losse$’,. of the transformer are then given by the sum of the core lomsds
the winding losses as

Py = Pope + Dy, (3.32)

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

2
Liear = % (3.33)
In the design process of the transformer an iterative peasassed. In this design process,
the starting point is the demanded ratings of the transforRrem these values, designs
are obtained for different values of for example the numbieuims, the maximum flux
density and the current density. The chosen design is tleetetbign that gives the lowest

losses or the lowest weight depending on what gives the lovess for the application.

3.1.2 Diodes

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

Fundamental Power Diode Physics

For explaining the fundamental physics of the power diote, \tertical cross section
shown in Figl 3.5 is used.

For the power diode, thenlayer is the main difference from the low power diodes. In
this region, the depletion region of the reverse-biaseu junction is absorbed. The re-
verse breakdown voltage is dependent of the width of thérdgion. There are two main
types of diodes, the non-punch-through diode and the ptmcugh diode. For a non-
punch-through diode, the drift region is longer than theeksgn layer at breakdown. The
other option is the punch-through diode where the depletgion has extended all the
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Anode

n~ Drift region

n* Substrate

l

Cathode

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 sistarce calculated from the
geometric size and and the thermal equilibrium power digssiThis is a result of the
large amount of excess-carrier injection into the drifioeg called conductivity modula-
tion.

An emerging technology today is the SiC power diode [43], &d p-n diodes rated
at 19 kV have been reported. The SiC devices can operate fajurigtion temperature
because of the wide band gap of SiC and they also have low #heesistivity.

3.1.3 MOSFET

The Metal Oxide Field Effect Transistor (MOSFET) is widelyed in low-power appli-
cations due to its fast switching and thereby low switchivgsks. However, the on-state
losses are larger than for the IGBT which makes the IGBT moitalsie for high-power
applications. Even though the MOSFET is not used in thisshewill be described here
briefly since the section about the operation of the IGBT weiér to the operation of the
MOSFET. A more detailed explanation of the MOSFET can be daar{12].

Fundamental MOSFET Physics

For understanding the physics of the MOSFET, the vertica<isection of a MOSFET
is shown in Fig. 3.6. The transistor shown in the figure isecthfh n-channel MOSFET,
since a n-channel is created when the device is conductirtgeloff-state when no volt-
age is applied at the gate, the device is blocking since otieegin-junctions is blocking
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Gate
o
0
Source
| I
n+ ’ p p \ n+

Body region
Drift region n

+

l Drain

Fig. 3.6 Vertical cross section of a MOSFET.

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

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

600f ===~~~ ' pmenee — iy [Al
7 ) --- VpsM
4004 : -
200] :
0 Skl s ffrrzonnees . . .
0 5 10 15 20 25 30 35 40
time [ s]

Fig. 3.7 Typical hard switching waveforms of a MOSFET.

3.1.4 IGBTs

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

Fundamental IGBT Physics

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

)
T Source Gate
w w
. P
Body region Bipolar collector
Drain drift region n Bipolar base
Buffer layer n*
Injecting layer ¥ Bipolar emitter

Drain
Fig. 3.8 Vertical cross section of an IGBT.

The operation of an IGBT can be explained as a Darlingtomitivath a pnp BJT transis-
tor as the main transistor and the MOSFET as the driver dag@an be seen in Fig. 3.9.

Drain

J

—AM—

Gate

1t L

!

Source
Fig. 3.9 Equivalent circuit for the IGBT.

Combining Figs. 3.8 and 3.9, it can be seen that the MOSFHBisgtr consists of the
nt-layer, the body region and the drain drift region. When dag# is applied at the gate,
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an inversion channel is created in the body region. An edecturrent from the source
can then flow into the drain drift region, which causes andiigam of holes from the p
drain contact layer. The BJT is the main transistor in thelibgtion circuit in Fig. 3.9
and consists of the body region, the drain drift region amditiecting layer. The buffer
layer is optional and will be described later. When the MOBHR&S been turned on, the
electrons and holes injected into the drain drift region @¥entually turn the BJT on.
However, the base of the BJT is wide, which gives a low valug ér the BJT. This
results in that a significant part of the current flows throtlghMOSFET transistor.

The IGBT transistor can be seen as a mixture of the MOSFETrenBJT, and its charac-
teristics is a mixture of the characteristics for the MOSFH@ the BJT. The most basic
differences are that the IGBT has a faster switching tharBthe and a lower on-state
voltage than the MOSFET. The presence of conductivity metear is the reason for the
low on-state voltage for the IGBT compared to a comparablegpdOSFET. For turn-
on and turn-off, the transition is affected both by the MOSHRtart and the BJT part.
Typically switching waveforms for the IGBT are shown in F&10.

Y, S— PR 7Y
/7 .: === VCE[V]

4004
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Fig. 3.10 Typical hard switching waveforms of an IGBT.

The basic switching waveforms are similar to the switchifighe MOSFET, but the
slower BJT-part of the IGBT results in some differences anse Fig. 3.10. At turn-on,
the difference from the MOSFET is that the fall-time of thdtage is longer since the
resistance in the IGBT is lowered due to conductivity motiafein the BJT, and the final
on-state voltage is therefore not reached until the BJT kas burned on, which is the
"tail-voltage” seen at turn-on in Fig. 3.10. A similar pripte applies for turn-off, where
the difference in the waveforms between the MOSFET and tBI 1S the "tail-current”.
For the MOSFET transistor, the current is turned off rapioly the BJT-current has a
slower decrease. A reason for the slow decrease in the BJéntus that there is no
possibility for carrier sweep-out and the stored charg&énrt region must be removed
with recombination. It is an open-base turn off processHertiipolar transistor since the
MOSFET has been turned off and there is no base current. dikisutrrent gives a sig-
nificant part of the turn-off losses, especially for softishing operation. To reduce the

29



Chapter 3. DC/DC Converter Topologies for Wind Farm Applmas

tail current the life time of the carriers should be short, this is a trade-off between the
on-state losses that increase with a shorter carrier tife.tiThere are also other ways to
reduce the tail-current, where one option is to design tH&TGo the MOSFET carries
as large part of the current as possible.

Regarding the n buffer layer, it determines the ability to block reversetages. When
there is a forward voltage across the IGBT and the MOSFETrigetlioff, the voltage
drop occurs at the junction between the drain drift regioth e body region. Since the
drain drift region has the lowest doping level, the depletiegion will mainly extend
into this region. The n region must be large enough to accodateche depletion region
so it does not touch thetplayer. This can be done either by having alayer that is
large enough or by inserting the muffer layer. An IGBT without the h layer is called

a non-punch-through (npt) IGBT. This option gives the &pilo block reverse voltages
as large as the maximum blocked voltage in the forward doecOn the other hand, the
component will be large. When the tayer is inserted the IGBT is called a punch-through
(pt) IGBT. In this case, the drain drift region can be made@iavithout extending the
depletion region into theplayer for the same forward blocking voltage. However, the
maximum reverse blocking voltage is very small due to thé laigping on both sides of
the junction between the injecting layer and the buffer taye

3.1.5 Snubber Circuits

In two of the investigated topologies, the fullbridge cargeand the single active bridge
converter described later in this chapter, the turn-ofééssfor the IGBT modules are
reduced by using snubber capacitors connected across\lesla=ig, 3.11 shows two
possible circuit topologies for the turn-off snubber.

(a) Without limited current at

(b) With limited current at turn-on.
turn-on.

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

The principle of operation of a turn-off snubber is to in@edhe voltage rise time and
thereby avoid high voltage level at the same time as the higiest. As seen in Fig. 3.11,
there are two different ways to realize the turn-off snublbée first option is a capac-
itor connected across the switch as in Fig. 3.11 (a), whidtaiked a lossless snubber.
When this snubber circuit is used, the capacitor must béndiged before the switch is
turned on. If this is not done, the capacitor will be shortwited through the switch and
discharged with a large peak current in the switch. To redhisecurrent at turn-on, a
resistance in parallel with a diode can be connected insernin the capacitor as seen
in Fig./3.11 (b). The resistance will limit the peak currehtan-on and the diode will
provide the same characteristics when the capacitor igtitaas the pure capacitor. The
drawback with this snubber circuit is that there are lossahe resistance when the ca-
pacitor is discharged, in contrast to the lossless snublogrever, at turn-off both snubber
circuits show the same characteristics since the capasitirarged and the current will
then flow through the diode. The snubber circuits will be &ddurther in Section 4.1.3
where the reduction of turn-off losses is explained conghéwethe hard-switching case.
Also, the design of the snubber circuits will be studied ict®m 5.2.
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3.2 Fullbridge Converter

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

Y YY)
D Lioa
S, J@ D, S3J@ 3 X o, o, load
Y'Y
+
Vd+(> Cin T Ls % g Cload == Rload[] Vioad
“Gotge fo 1

Fig. 3.12 Topology for the fullbridge converter.

In the fullbridge converter, the input bridge creates a Hrglquency square wave at the
transformer, which transforms the voltage to a higher le®el the secondary side of the
transformer the high voltage square wave is rectified by tbdedbridge and the ripple
is reduced to a suitable level by the output filter. Since thipwat filter is current-stiff,
the current in the switches and the transformer is appraeiypaonstant during the on-
period.

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

3.2.1 Operation of the Fullbridge Converter with Duty Cycle Control

For the fullbridge converter with the topology shown in F3gl12, the resulting currents
and voltages for the switches and diodes are shown in Fi§8.a81d 3.14. The voltage
and current for the input to the transformer are shown in &ig5.

The duty cycle control gives a mean voltage across the wamsf that is equal to the
output voltage divided by the transformer ratio. This isiaeéd by an on-state where the
switches in two legs are on, applying the input voltage actbs transformer. In the off-
state, all switches are off and the load current free-whéetsigh the diodes in the output
bridge, which gives zero voltage across the transformezsé koltage variations are elim-
inated by the filter inductance giving a smooth output curréhe operation principle for
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(a) Voltage for the switches. (b) Current for the switches.

Fig. 3.13 Conditions for the switches in the 5 MW FB duty cycle converte

the fullbridge converter is explained using the voltaged emrrents for the diodes and
switches in Figs. 3.13 and 3/14 as well as the current andg®lfor the transformer in
Fig.!3.15 and the conduction paths shown in Fig. 3.16.

In the passive state akt t; in Fig./3.15, the switches in the input bridge are off and the
load current flows through the output bridge as shown in [Fifj6 3a). In this passive
state, there are oscillations between the leakage indeeiarthe transformer and the ca-
pacitance of the switches in the input bridge. These voltagpdlations can be seen in
Figs.3.13 and 3.15 where it also can be seen that the cussuiting from these oscil-
lations is small compared to the load current. The activie stainitiated at t =t when
switchesS; and S3 are turned on as in Fig. 3.16 (b). Since the output diodestard s
circuited, there is a negative voltage across the leakatiectance of the transformer re-
sulting in an increased negative current. When the currastrbached the value of the
load current at t =, the output bridge is not short circuited as in Fig. 3.16 (@ ¢he
current stays constant. At t 3 switchesS; and.S; are turned off, forcing the current to
flow through diodesD,; and D,. The current is now decreasing and the output bridge is
short circuited as shown in Fig. 3/16 (d). When the currestreached zero at t 3,tno
switch is turned on and the load current flow through the diadehe output bridge as
shown in Fig. 3.16 (e). The next half period is obtained inghme way, turning on the
switchesS; andS, att = . The current is then increasing to the value of the load atirre
and stays constant until the switches are turned off at After that, the current flown
through the diode®, and D5 until it has decreased to zero and the passive state has been
reached. The next period starts at t whenS; andSs 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 tramafarin the FB duty cycle

converter.

From this, it can be seen that there are hard-switching tiondiat both turn-on and turn-
off for all transistors. This results in considerably hightshing losses as will be shown

in Section 4.1.
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Fig. 3.16 Conduction paths for the fullbridge converter, operatirithwuty cycle control.
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3.2.2 Operation of the Fullbridge Converter with Phase Shif Con-
trol

If there are no snubber circuits across the switches as ipréheous section, there would
be high switching losses. As mentioned in the introductsmit switching is often used
for reducing the switching losses. This is usually donegittie phase-shifted pulse-width
modulation technique [6, 7, 8]. In hard-switched convestarlow leakage inductance is
desirable for a fast polarity reversal of the current in tla@s$former which then gives a
high maximum duty cycle. However, in a soft-switched coteera low leakage induc-
tance will result in difficulties to achieve soft-switchimg the lagging leg [6, 7]. The
switching of the leading leg devices is done using the enstgsage in the output filter
inductor, and the lagging leg devices are switched usingmtieegy storage in the leakage
inductance of the transformer. Unless the leakage indoetahthe transformer is very
large, the ZVS (Zero Voltage Switching) range is limited dadje external capacitors
can not be used for the lagging-leg switches [6, 7]. Thisahviilg range can be increased
by adding an auxiliary circuit to the lagging-leg of the certer. A low leakage induc-
tance of the transformer could lead to larger losses in thgihg-leg switches than in
the leading-leg switches. In [8] a control scheme is progasgkere one leg behaves as
leading leg in one period and the lagging leg in the next peridis does not change
the original operation principle of the converter, butcgithere can be different losses in
the leading leg and the lagging leg, in this case the avesges$ over two periods will
be equal for all switches. In [45], the losses are comparéddsn the hard switching
halfbridge, soft switching halfbridge, soft switching lfuidge and semi-soft switching
fullbridge converters. It was found that for a 100 kW conegrthe semi-soft switching
fullbridge converter has slightly higher efficiency thae goft switching fullbridge con-
verter. The reason for this is the circulating currents anty dycle loss caused by the
auxiliary circuit used to obtain soft switching over a widage of operating conditions.

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

The principle of operation for the fullbridge converter vthase shift control is the same
as for the converter with traditional duty cycle control.eTén-state with the input volt-
age across the transformer is achieved by turning two sestcm. The difference is the
switching and the off-state, which is achieved by turning switch off and let the load
current flow through one switch and one diode. With this adntrethod, the switching
losses can preferably be lowered by the capacitors acresstitches which are charged
after turn-off of a device giving zero voltage turn-on switg.
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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 is.Bid 8- 3.19. The difference
between the two control schemes is how the switching is nethiwhich is shown in
Fig.[3.20.
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(a) Voltage for the switches. (b) Current for the switches.

Fig. 3.18 Conditions for the switches in the 5 MW FB phase shift corarert

The switching transitions can be explained from the wavefin Fig| 3.18- 3.19, Fig. 3.20
and the topology in Fig. 3.17. The voltage and current in taesformer are shown in
Fig.[3.21 and the conduction paths during the switching laosvs in Fig! 3.22.

In the passive state just before t 6, conducts and the load current is forced to flow
through the diodé; as shown in Fig. 3.22 (a) since all other switches are turffedioe
voltage across the transformer is therefore zero and theecn is in its passive state.
Both voltages/; across switcht; and V3 across switchb; are zero. The active state is
initiated at t = t when switchS; is turned off. This turn-off occurs at zero voltage since
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(a) Voltage for the diodes. (b) Current for the diodes.

Fig. 3.19 Conditions for the didoes in the 5 MW FB phase shift converter

the diodeD; is conducting, which can be seen in Fig. 3.17. Wleihas been turned off,
the load current flows in the capacitors as shown in|Fig. 322decreasing the voltage
V5 across switchb, shown in Figl 3.20 (a). The decreaselincauses a negative volt-
age across the leakage inductance, and a large inductaneedsd to maintain enough
current to charge the capacitors until= 0 [7]. When D, is forward biased, the current
starts flowing throughD, and D5 which is seen in Fig. 3.22 (c), applying a negative volt-
age across the leakage inductarice The negative input voltage is then applied across
the primary side of the transformer, and there is zero veltghe secondary side, which
gives a negative voltage across the leakage inductancentiags the current in the trans-
former decrease. Whei, and D5 conducts,S; and.Ss are turned on at zero voltage and
starts conducting when the current in the transformer @sebelow zero in the interval
between t =tand t = t. Since the current in the transformer is lower than the laad c
rent, the diodes on the secondary side of the transformestan circuited. The current
in the transformer decreases until it is equal to the negddiad current at t =t Then
the output bridge is not short circuited as seen in Fig. '3d)2The voltage across the
secondary side of the transformer is equal to the negatwet voltage and the current
stays constant until t 3 which is the end of the active state.

The transition from active to passive state is done by swiéh andS,. In Fig.'3.20 (b),
the transition fromsSs to D, is shown. In the active state before t;zdwitchesS; and.S;
are conducting as seen in Fig. 3.22 (d), giving the inputag@tacross the transformer.
The passive state is started whenis turned off at t = §. The voltagel’; acrossSs is
then increased untiD, is forward biased and starts to conduct achieving the passite
shown in Figl 3.22 (e). The current for the charging of theacéprs is provided by the
filter inductance, that adjusts the voltage on the seconsideyof the transformer to the
same level as for the primary side in order to keep the cuoemstant [7].
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Fig. 3.20 Switching of the transistors in a 5 MW FB phase shift converte

The passive state lasts until t awhen.S, is turned off and after charging the capacitor
the diodeD, starts conducting. Thefi, and.S, are turned on and start conducting when
the current in the transformer reverses direction. At i the current in the transformer
equals the load current and the output bridge is not shartiitgd. At t = ¢ the active
state is ended by turning, off. After charging capacitof’,, D5 starts conducting and the
passive state is achieved, which is the same as just befaxe t =

From the transitions, it can be seen that all switching oetwoft-switching conditions.
At turn-off the snubber capacitors result in a slower ris¢éhefvoltage and thereby lower
losses as is shown in Section 4.1. At turn-on, the soft swritcls based on that the cur-
rent in the leakage inductance is large enough to chargetreeiors to the input voltage
before the switch is turned on. A lower current would regair@maller capacitance or a
longer delay before the switch is turned on. It can therdberaurn-on losses if the current
is too low to charge the capacitors before the switches aneduon.

The output voltage for the ideal fulloridge converter uspitase shift control can be
calculated in the same way as for the fullbridge converterguduty cycle control where
the output voltage is the input voltage multiplied with the&ydcycle. Using phase shift
control with a transformer with ratio 1:n, the output vokdg,., for an ideal converter
can be calculated as

Woad = n‘/;l¢7 (334)

whereV; is the input voltage and 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 tramafarin the FB converter.

3t
¢ - Ts/2 )
which basically is the time of the active phage- ¢, divided by the time of a half period

T,/2. The phase-shift variablg varies between 0 and 1 and is the same as the duty cycle
for the duty cycle control.

(3.35)
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Fig. 3.22 Conduction paths for the fullbridge converter, operatirithyghase shift control.
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3.3 Single Active Bridge Converter

The single active bridge (SAB) converter in Fig. 3.23 looksikr to the fullbridge con-
verter but due to the voltage stiff output it behaves diffélseand accordingly it is con-
trolled in a different way [10].
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Fig. 3.23 Topology for the SAB converter.
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3.3.1 Operation of the Single Active Bridge Converter

For the single active bridge converter, the output filteat#s a voltage stiff output and
the current waveforms in the converter are dependent orolteege across the leakage in-
ductancel, of the transformer [10]. The operation of the converter iglaxed using the
voltage and current waveforms for the switches and diod€&sgis! 3.24 and 3.25 as well
as the waveforms for the transformer in Fig. 3.26 and the gotioh paths in Fig. 3.27
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(a) Voltage for the switches. (b) Current for the switches.

Fig. 3.24 Conditions for the switches in the 5 MW SAB converter.

In the passive state akt t;, 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 seéfigs! 3.24 (b) and 3.25 (b)
that there is no current in the diodes or switches. The se&éh and S; in the input
bridge are turned on at zero current at time  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.
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Fig. 3.26 Current and voltage for the primary side of the transforméhe SAB converter.

the transformer input voltage minus the output voltage @iad across the leakage in-
ductance which gives an increasing current. When the cun@nreached its maximum
value, the switches, andS; are turned off at a high current at t = After the switches
have been turned off); andD, starts conducting as in Fig. 3.27 (c) and the input voltage
across the transformer changes polarity. This gives asewaltage across the leakage
inductance equal to the sum of the input voltage and the owtgtage. This drives the
current in the leakage inductance to decrease quickly t aet = § where the diodes
stops conducting. Then there is an off-time as seen in F&Y. @l) between the current
has reaches zero at t sdnd switchesS; and S, are turned on at t =t As a result, the
current is increasing untf; and.S, are turned off at t =stand the diode$), and D5 start
conducting. The current is decreased to zero atant is off until the next period starts
att=t.

For the single active bridge converter, the turn off occura &igh current leading to
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(b) S, and S onatt; <t < ts.
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Fig. 3.27 Conduction paths for the single active bridge converter.

large losses. However, a snubber capacitor is connectedsatine switch to lower the
turn-off losses as seen in Section|4.1. At turn-on the ctiiserero but there is a turn-
on loss resulting from the snubber capacitors if the traoisis not turned on while the

freewheeling diode is conducting.
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3.4. Series Parallel Resonant Converter
3.4 Series Parallel Resonant Converter

Another possible topology for the DC/DC converter is theeseparallel resonant (LCC)

converter seen in Fig. 3.28. This topology is the prefermadiIresonant topology since
it takes advantage of the best characteristics of the pheaild series resonant convert-
ers [38].
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Fig. 3.28 Topology for the LCC converter.

=0

The purpose of the resonant converter is to reduce the sngtébsses by switching at
zero current and/or zero voltage. This is achieved by thenas tank consisting of the
inductancel, and the capacitancés. andC, as shown in detail in [12]. However, there
are some disadvantages with the load resonant convertegided of a wide frequency
range has made the dimensioning of passive componentautifB§, and resonant con-
verters also have the disadvantage of a large resonanttarsigcand capacitance [5].
In [38], the series resonant, the parallel resonant andethessparallel resonant convert-
ers were compared. It is also stated that operation aboweaase is preferred since there
are no turn-on losses for the switches and no diode switdbssgs. The series resonant
converter has a series resonant capacitor on the primagyttsad acts like a dc blocking
capacitor and the current on the devices decrease wherethdézreases. The drawbacks
is that the output voltage can not be regulated for the nd-t@se and the output filter
capacitor must carry high ripple current. The parallel resa converter is able to control
the voltage at no load by switching above resonance frequdile main disadvantage
is that the current in the switches are independent of the éwal it is not suited for a
converter with wide input voltage range. The series pdrabhaverter takes advantage
of the best characteristics of the series resonant and thdglaesonant converters and
eliminate their main disadvantages.

3.4.1 Operation of the Series Parallel Resonant Converter

In the series parallel resonant converter, a resonant tiqelia created by the resonant
tank resulting is a current pulse. The switches can thenipeduoff at zero current and
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zero voltage. In this converter, the shape of the currerdepid determined by the in-
put voltage, the output voltage and the components in theneed tank. The amplitude
and duration of the current pulse can therefore not be clhediranstead the only way to
control the output is by changing the off-time between tworent pulses. This resulting
frequency control makes the filtering of the input and outputent difficult. When the
output voltage and power are high, there is a short off-timtsvben the pulses and for
this case an "effective” filter could more easily be designgukre is a high peak-value
in the output current but there is an almost continuous otré&hen the power level is
low, there is a long off-time between the pulses as shown gn/&i30, which compli-
cates the filter design. This is an obvious disadvantagentorésonant converter at low
output power. Another disadvantage is the high peak voltagess the transformer in
Fig.[3.29 b), which is a result of the high peak voltage actbedeakage 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 switchesu®l S are turned on at time t 5 tas
shown in Fig. 3.34 (a). The resonant tank will then createsanmant pulse that makes the
current in the switches decrease to zero at:t #ntthe second half of the resonant pulse,
diodes D and D, conduct as in Fig. 3.34 (b) until the current goes back to aetce= t;.
There is then an off-time due to the frequency control uhtl $econd half-period starts
at t = t, by turning switches $Sand S on. At t = t; the current reverses direction and D
and D; starts conducting. Then there is an off period from ¢ aritil t = t; where the next
period starts by turning on switches &d S.

For the resonant converter, the switches are turned of wihddreewheeling diode is

conducting which results in zero turn-off losses. Also tin@ton losses are small due to
the slow increase in the current in the resonant tank as sho®ection 4.1.

46



3.4. Series Parallel Resonant Converter

Current [kA]

294 295 296 297 298 299 300

Current [kA]

294 295 296 297 298 299 300
Time [ms]

Fig. 3.30 Current to the output filter for LCC converter for positionfboa) 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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Chapter 4

Loss Determination

In the previous chapter, the converters have been intrabwith simulations using mod-
els with ideal switches and an ideal transformer giving dasirent and voltage wave-
forms. These waveforms are used both for designing the coemis of the converter and
to calculate the losses. In this chapter, the origins of tissds in the different parts of
the converter are explained. The methods of loss calcakstoe presented in this chapter
and are used in Chapter 5, where the converters are designied) dor lowest possible
total losses.

In this thesis, the focus will be on the comparison of thrékeint topologies, and there-
fore the losses will be treated that vary between the topedod he losses for the trans-
former and the semiconductor components are strongly diep¢on the voltage and cur-
rent waveforms and will be different for the three topola@gidowever, additional losses
as losses for cooling and losses in the drive circuits wilsioeilar for all topologies and
are not included in the loss calculations. It will be showanirthe experimental circuit in
Chapter 6 that the main sources of the losses are the serictondomponents and the
transformer.

For the semiconductor components, there are basically tayswo simulate the losses
that are known and published [46, 47]. The first way is to usgsigls-based simula-

tion models, which is suitable for designing new power etatts devices and convert-
ers. This procedure requires implicit integration methéetsding to increased simulation
times and requires detailed knowledge of the physical dsoers of the device [48, 49].

The second way, that is used in this thesis, is to simulatpdieer electronic system with
ideal switches and to obtain the current and voltage fortdesices. Knowing the voltage
and current waveforms as well as the switch design, the atimaiuand switching losses
for the semiconductor components can be calculated usengitbrmation found either

in data sheets for the components or in look-up tables basedmerimental results.

49



Chapter 4. Loss Determination

4.1 Semiconductor Losses

For the semiconductor devices, all losses are calculated &ngle module from the
known switching conditions. Since the switches consista aimber of modules con-
nected in series and parallel, the current and voltage atefalited to the modules. Know-
ing the voltage and current for one module, the losses cabtagned either from calcu-
lations or from a look-up table using measured results. dheds are then added for all
modules in a switch giving the losses for the switch. Thel ®tatching losses are then
obtained by multiplying the energy loss for one duty cycléwhe switching frequency.

4.1.1 Conduction Losses

The conduction losses can be calculated using the on-dtataateristics for the com-

ponents found in the data sheets, which is the relation letwiee on-state voltage and
current. Knowing the current in the components, the condadbsses can be calculated
as the voltage multiplied with the current.

The diode Conduction Losses

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

o)

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

In the data sheet for a diode, the forward voltageis shown in a graph as a function of
the forward currenf . The forward voltagé’» in the diode can be approximated as

Ve :AF—FBFIF—FCFII%. (41)
The power lossed?r¢ due to the conduction in the diode are then given by

Pro = Vplp = Aplp + Bpla + Cpl}. (4.2)

The values for the constants-, Br andCr can be obtained from the data sheet for the
diode.
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4.1. Semiconductor Losses

The IGBT Conduction Losses

In the same way as for the diode, the on-state voltage folGB3 )V, can be expressed
as a function of the on-state currdigtas

Ver = Ac + Bele + ColI. (4.3)

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

Prc = Vegple = Aclc + Bolg + Co I (4.4)

As for the diode, the values for the constadis, B~ andC- can be obtained from the
data sheet for the IGBT. The mean value of the conductioefissthe IGBT as well as in
the diode is given by the average of the instantaneous ctinddosses over a switching
cycle.

4.1.2 Diode Switching Losses

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

1"

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

Just as the switching losses for the IGBT, the turn-off less¢he diode due to the reverse
recovery can be calculated using the linearized model [47]
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current

time

Fig. 4.3 Reverse recovery current for the diode at turn-off.
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For the a diode, the turn-off losses can be calculated usi@gnformation in the data
sheets which gives [51]

Err = EDR

VR( Ar Br iF). (4.6)

+ .
Vief \Ar+ Br  Ar+ Briyey

Here, Epr is the switching loss &, andi,.; and the values for the constantg and
Bpr can be obtained from information in the data sheet for thdeli@ his equation results
from a linearization assuming that the diode turn-off |esme proportional to the voltage
across the diode. For the diodes just as for the IGBTS, ttsedalsulations are done for a
single module and then multiplicated to obtain the losse#i®whole switch.

The losses at turn-off of the diode is depending on the chii@fas not dissipated due to
internal recombination but removed with the reverse regoserrent. Resulting from this,
afast decrease in the forward current gives a shorter timbéacharges to recombine and
a large part of the charge must be removed due to reverseamcowrrent. On the other
hand, a slower decrease in the forward current gives thgekanore time to recombine
leading to a lower reverse recovery current and therebyrltvgses. In the data sheet for
the diode [51], it can be seen that the diode switching lodeesease with a decreasing
dir/dt. A linear dependence on the derivative of the forward curierhen inserted
in (4.6) resulting in

Err = EDR

Vies AR+BR+AR+BRE dipes/dt

Consequently, to calculate the turn-off losses for a dibeégfdorward currenty, the time
rate of change of the forward curreditz /dt as well as the reverse voltagé must be
known.
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4.1. Semiconductor Losses

4.1.3 |IGBT Switching Losses

The IGBT switching losses are calculated based on the knautnleng conditions ob-
tained from the simulations. After that, the switching lessan either be calculated using
a linearized equation or using values from a look-up tabteetdan measurements. When
switching an IGBT, losses occur during the switching whethtibe voltage and current
are high. To reduce these losses, soft switching can bewachether by a load resonant
tank as for the resonant converter or by adding a snubbecitapacross the device.

Hard Switching

For the hard-switching case, the losses are known and welirdented in the data sheet
for the components. In Fig. 4.4, typical hard switching wawas for an IGBT in the
input bridge for a converter shown in Fig. 4.5.

600F -======1 p— — i A
7 } e Ve
4004 3
2001
0 : Bt i/ : :
0 5 10 15 20 25 30 35 40

time [ s]

Fig. 4.4 Typical hard switching waveforms of an IGBT.

+ A
\Z S4J(§ l
- D, D4

Fig. 4.5 Input bridge for a converter without snubber circuits.

Assume that the waveforms in Fig. 4.4 is for the IGBTiSthe input bridge in Fig. 4.5.
The collector-emitter voltage M for S; is equal to the voltage Vin Fig.[4.5. Att =0,
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S, is off with zero current flowing in the device. The load cutrgnis assumed to be con-
stant and is then flowing through the diode Bt t =5 us, the device is turned on and the
current is thereby increased in the device. However, simeéoad current is constant, the
diode D, stays on until $has taken over the entire load current. As a result, thegelta
does not start to decrease until the current has reachedaksmam value. This results

in a high current and a high voltage at the same time and thexdiigh instantaneous
power loss during the switching cycle. When the device isloafull load current flows

in S;. For turn-off, the voltage across Biwustincrease in order to lower the voltage across
S, and forward bias the diode;sDWhen D, is forward biased the current in Start to
decrease. As seen in Fig. 4.4, there is also a high instamiam®wer loss at turn-off.

In the data sheet for the IGBT [52, 53], the switching lossega/en as a function of gate
resistance, collector currefit and voltage/-. The calculation of the switching losses
can be done with a linearized model as in [47] using

Vo
E, = Egp—~ v

(4.8)

‘/ref lref .
Here, I, is the actual switching loss at currept and voltagely,,, and Esy, is the rated
switching loss at the current.; and voltageV,..;. The total switching energy for a duty
cycle is then given by

E, = Esron—- Esp, —.

S ‘/ref lref T Ben 1 V;”ef lref

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

(4.9)

Soft Switching Using a Snubber Circuit

To lower the switching losses at turn off, a snubber circait be connected across the
switches as in Fig. 4.6. These snubber circuits are usedver lie turn-off losses in the
fullbridge converter with phase shift control and the sengttive bridge converter which
were introduced in sections 3.2 and 3.3.

The currentd and the voltage ¥y for the switch are shown in Fig. 4.7 with and without
the turn-off snubber. The resulting power loss during thie-uff is shown in Figl. 4.8.

For the hard switching case, the current in the switclm@st reach the maximum value
before the diode Pstops conducting and the voltage acrossstarts to decrease. This
results in high instantaneous power losses which can beiséég. 4.8. In the case with
snubber capacitors connected across the switches as if.Ejghe current and voltage
waveforms during switching change as seen in/Fig. 4.7 arsidtrasults in a lower power
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Fig. 4.6 Input bridge for a converter with snubber circuits.
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Fig. 4.7 Current and voltage during switching of an IGBT a) withoutilsber capacitor and b)
with snubber capacitor.

dissipated in the switch at turn-off which in shown in Fig8 4.

When switch $ is turned off, the current in the device starts to decreasadadiately
since it can flow through capacitors @nd G. The increase of the voltage is a result of
the current flowing in the capacitors. This current is théedénce between the constant
load current § and the current in S Capacitor ¢ is then charged and capacitos &
then discharged until the voltage ¥ has reached its maximum value and the diodésD
forward biased and starts conducting. In Fig/ 4.8 it can lee $eat the maximum instan-
taneous power dissipation is substantially reduced. Hewglie total energy dissipated
is still a significant part of the energy dissipated withoghabber. This is due to the tall
current in the IGBT, and in the example in Fig. 4.8 the eneiiggidated in the IGBT with
the snubber is 30 % of the energy dissipated without the srubb

The lossless snubber shown in Fig. 4.6 can only be used wieeswiitich is turned on at

55



Chapter 4. Loss Determination

a)

600
§4oo
9]
Z 2001
o
0 .
by O 5 10 15
600
?_c 400
o
2 2001
o
0 ;
0 10 15

time [u s]

Fig. 4.8 Power loss during switching of an IGBT a) without snubberagaijor and b) with snubber
capacitor.

zero voltage. If the switch is turned on at a finite voltage,¢hpacitor will be discharged
through the switch with a very high peak current. This casplires 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 achiewesoh at zero current as was
described in Section 3.4. In this converter, the waveforrthefcurrent after turn-on is
determined by the resonant tank seen in[Fig 4.9. In/Fig. 4tiE0yoltage and current at

turn-on of the resonant tank is shown, where the resonargérupulse has a maximum
value of 1 kA and a frequency of 2 kHz.

L\oad
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Fig. 4.9 Topology for the LCC converter.
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It can be seen that the current rise time is long due to thedsammant frequency compared
to the fast fall time of the voltage. These turn-on losseshmnalculated by making an
analytical model based on the current and voltage wavefaspsesented in [54]. Starting
with the turn-on losses for the transistors, the fall timeéha&f voltage must be known as
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Fig. 4.10 Current and voltage during turn-on of an IGBT in a resonanveder

well as the waveform for the current. The turn-on losses odating the fall-time of the
voltage, where the voltage across the transistor can bessga as

Vep(t) = Vy <1 — ti) , t<tp,
fv
described by

(4.10)
WhereV; is the off-state voltage across the transistor@ndk the fall time of the voltage
The current during this time interval is the start of the resd operation that can be

Ic( ) = IC,peak sin wot

(4.11)
Wherelq ,.qr IS the peak value of the current during the resonant operatolw, is the
resonant frequency. The energy loss during turn-on is oétaby integrating the power
loss during the fall time of the voltage, and the expresssatterived in|(4.12)-(4.16)

tfy tfo
t t
Eon = /Vd (1 — t_) IC,peak sin wotdt = VdIC,peak/ (1 — t_) sin thdt (412)
0 T 0 T
tfv
Eon = vd]C,peak

sin wot — — sin wotdt
tfo
0
cos wyt
Eon = ‘/dIC,peak - -

(4.13)
t sinwot t coswyt]=H
o } (4.14)
Wo tfv Wo tfv Wo t=0

coSwotsy Ty Sinwol £y t » COS wot »
Eon = Vilc peak [—Tf — # wg ! f ! }

cos wp0 0 sin wOO 0 cos wOO
+VdIC,peak [ T 2

wo tfv Wy tfv

(4.15)
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1 sin wot
Eon = Vd]C,peak [_ - 7;1}:|
wo t rowp

(4.16)
As can be seen in (4.16), the turn-on energy in the IGBT-mexloln be expressed as a
function of the off-state voltag¥;, the peak resonant curreft .., the fall time of the
voltaget s, and the resonant frequency. This equation is used to get an estimation of

the switching losses in the resonant converter.

4.1.4 |1GBT Properties at Soft-Switching Conditions

In a large number of high-power applications, soft switgreonditions are used to reduce
the switching losses either by load resonant operation @doyng snubber circuits. The
behavior of the IGBT under soft switching conditions is sigantly different from the
behavior under hard-switching conditions [54, 55]. Mostneoeercially available IGBTs
are designed for hard-switching conditions, and the dagatstcontain information about
the characteristics under hard-switching conditions. e\®v, unexpected characteristics
have been found when the IGBTs are operated in a soft swgahimde. Detailed inves-
tigations have shown that IGBT devices do not operate acuptd the data sheets under
zero voltage switching (ZVS) and zero current switching & Conditions [54, 55].

Losses at Zero Voltage Turn-on

To reduce the power loss at turn on, circuits can be desigsiad aero voltage switching
(ZVS). There is no voltage applied across the device betdeeturned on, and accord-
ing to the hard switched operation the switching losses Ishioe negligible. However,
at ZVS the voltage and current waveforms differ from the vilarras at hard switching
conditions. Typical waveforms for ZVS turn-on are shown ig.®.11. In the figure, a
spike in the forward voltage drop is observed at turn-on asrileed in [56] and [44].

At zero voltage turn on the current initially flows in the aptrallel diode with a certain
di/dt and then transfers to the IGBT under ZVS conditionse Duthe external circuit,
the current will then rise with a constant di/dt until it ighed off or kept at a constant
level. When the device begins to conduct at titpethere is a voltage spike across the
device, with an amplitude increasing with an increasingtdirhis is due to the build
up of charges in the drift region as explained in [44]. Whesm MMOSFET has just been
turned on, an electron current begins to flow into the driioa. This region is initially
in low-level injection and is therefore resistive. Since turrent flows through a resistive
bulk, the voltage will increase linearly with the currentigg the voltage spike as seen
at pointa in Fig./4.11. When a current flows in the device, charges hygldn the drift
region until the entire drift region is in high-level injémh at pointb. After this point, the
resistance decreases dramatically and the forward vdigélgeeven 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 valuedesl to maintain the charge build-
up in the drift region and the device is in dynamic saturatiime peak of the overshoot
is dependent on di/dt, but the time to reach the peak of theshw@ot does not change
significantly [44]. When the current increases furtherrafigh-level injection has been
reached at, additional charges are provided with a finite time delayeaisged with the
life time 7. This is called the conductivity modulation lag and is thiéedence between
the dynamic saturation voltage when the current is incnggand the voltage at corre-
sponding to the same current in the static I-V charactesslihe overshoot for the voltage
at turn-on can then be divided into two parts. The first pattiésvoltage spike that occur
before high-level injection has been reached and the wltlrgp is due to the resistive
drift region. The second part is the increase in voltage dulkd conductivity modulation
lag, when there is a high-level injection and the currenhcseasing.

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

Losses at Turn-off

During hard switching turn-off, a large power spike occuremtthe voltage increases
rapidly while the device is carrying a significant currenth®4 the snubber capacitor is
added, the voltage is forced to increase slowly so that haitage and high current do
not occur at the same time. This gives significantly lowertewng losses [56], and the
resulting waveforms for the current and voltage are showidn4.12.

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

in [56, 44]. During turn-off, the current waveform shows d tairrent "bump”. That is
a result of inadequate charge removal from the drift-regidnere the carriers are not
swept out but have to recombine. At soft-switching condisicthe turn-off losses occur
mostly due to this tail current. It is shown that a device vaitiorter carrier life time will

have lower turn-off losses since the excess carriers wibbmebine faster and thereby the
current will decrease faster.

The reason for the tail current "bump” is described in detail44]. At hard-switched
turn-off, the gate voltage is cut off when a current is flowinghe device. To support the
current, the voltage across the device rises and the cugetitl flowing in the device
until the diode has been turned on. This results in a largeepdoss that can be con-
trolled by connecting a snubber capacitor across the de&ise, the capacitor provides

an alternative path for the current when the device currespisl 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 devikeperating in its
on-state. When the device is on, the emitter and base of the&Jshorted, resulting in
a voltage drop across the junction between the bipolar badéha emitter. When the de-
vice is turned off, the MOS channel shuts off resulting irozease current for the bipolar
transistor. The current is then rapidly decreased to gowtiere the current in the MOS-
FET is zero as well as the base current for the BJT. In the legélinjection region,
the current is dominated by diffusion at the ends and drifthiem central region where
the electric field is maximum. When the MOS channel has beeretuoff, all applied
voltage appears across the MOSFET and thereby will the d&asier bias for the BJT
be reduced, the current in the emitter will also drop to zexbthe rest of the current will
flow in the snubber capacitor. When current flows in the snubbpacitor, the voltage
across the device will rise. This voltage increase will eaas electric field to build up in

60



4.2. Transformer Losses

the wide base. A current will then start to flow with electrdlosving towards the IGBT
drain and holes towards the IGBT source. The current togetite the recombination
of holes and electrons will cause the concentration of excegiers to decrease, which
is given by the continuity equation. At the same time as tleess carriers decrease, the
voltage across the device increases and thereby also ttteefeeld. This results in two
conflicting mechanisms, the rising electric field and theuotidn of the excess carrier
concentration. As a result, there is a maximum in the prodiicarrier concentration and
electric field giving the tail current "bump” at poiat After the maximum value the tail
current falls to zero with time until point The charge in the tail current changes with the
value of the snubber capacitor. If the value of the capaistiarge, it takes longer time for
the electric field to build up in the device and therefore nexeess carriers recombine
and do not leave the device in the tail current.

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

On-state Losses

The forward conduction voltage drop can be changed by vanyia carrier life timer,
where an increase in results in a decrease It as well as the resistivity of the drift-
region [56]. Also, the buffer layer affects the conducywvif the IGBT. The increased
built-in junction potential due to the™ buffer layer results in a less efficient hole injec-
tion.

4.2 Transformer Losses

For the transformer losses, the losses include both Ia8ses the winding and losses
P.,.. in the core. The losses in the windings are calculated fremwiis-currentd,,,; in
the primary winding and... in the secondary winding and the resistanBgs and R,
of the transformer windings together with the ac resistaoedficientsi . ,.; and K. sec
shown in(3.10)+(3.12) using

2
Pw - Pw,pri + Pw,sec = RpriKac,pri[

pri

+ RS@CKGC,SECIQ

sec*

(4.17)

The iron losses are obtained from the volume of the d¢se, the switching frequency
fi» and the peak value of the magnetic flBy,,, using (4.18)

Pcore - KlftK2BK3 chore- (418)

T max
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The constantd(;, K, and K3 are obtained from the material in the core. As an exam-
ple, for the POWERLITE inductor core from Metgld®, the losses in the core can be
calculated as

Pcore = 6-5ft1r.51B1.74mcm"e- (419)

max

The losses”,,,.. are in [W], the frequency, in [kHz], the flux B in [T] and the weight
Mmeore Of the core in [kg] [57]. For non-sinusoidal current and agk waveforms, the core
losses are given by using the equivalent frequefigy

1
Pcore = _K1f£2_1(Bmam)K3‘/corea (420)
T
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 compaehé operating con-
ditions must be known for the converters in the DC-based vianeh. In this chapter, a
local wind turbine grid with five wind turbines is introducedhich can be seen as a part
of a large wind farm. Starting from the output from a singl@eviurbine, the operating
conditions for the converters are lined out using diffenitrol strategies for the voltage
levels in the local grid.

For all three topologies introduced in Chapter 3, a convéstdesigned for each position
in the local wind turbine grid as specified in Table|5.1. Théahing frequency is set to
1 kHz, and suitable modules for semiconductor componeatstarsen that are connected
in series and parallel to reach the needed current and eolédings. The design consid-
erations for these converters will be discussed and a $eitisign will be chosen and
used for the loss calculations. As a result, the losses ®diffierent topologies will be
presented both as a function of the wind speed and as a masanfoaldifferent average
wind speeds. Further, the different control strategieblwilcompared both regarding the
energy efficiency and the contribution to the energy praduaatost.

5.1 Operating Conditions in the DC-based Wind Farm

As stated above, the operating conditions must be knowrhtimvestigation of DC/DC

converters in a DC wind farm. The level of the DC output voitdigom a wind turbine

depends on the rectifier. If a diode rectifier is used, theagatvaries with the wind speed
while if an IGBT rectifier is used the voltage can be constanafl wind speeds as seen
in Fig./5.2 b). For all cases, the output voltage of the DC wiarth should be constant,
which is obtained by adjusting the voltage levels with the/DC converters if needed in
the DC grid system. In addition, the power flowing throughdbaverters varies strongly
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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 electi system compared to the
standard full power converter variable speed wind turbiité an AC-output, as can be
seen in Fig. 5.1, where the block diagram for the wind turlwite a DC-output is shown.
Compared to the standard system the inverter towards amaht&C-network has been
removed and replaced with a DC/DC converter. The mechasysaém consists of the
main shaft and a gear box or only the main shatft if a low speegmgeor is used. The
generator is here assumed to be a synchronous generatartserectifier is assumed
to be a diode rectifier. If instead an IGBT rectifier is useayaould be possible to use an
asynchronous generator and then achieve a constant oalpages from the rectifier for
all wind speeds. The DC/DC converter in the wind turbine isdugs a DC transformer to
increase the rectified voltage to a level suitable for thallagnd turbine grid.

r—— """ —————7—- = 1
I Mechanical AC DC :
system DC e,
|
U T J

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 of generator and the
control strategy. In this thesis it is assumed that the h&'8 operated as a variable speed
wind turbine. This means that for low wind speeds, the ragimeen the wind speed and
the rotational speed of the turbine is kept constant. The iakept constant until rated
speed of the turbine is reached, after this the speed is kegtant. The rotational speed
is adjusted according to the wind conditions to convert ashwind energy into mechan-
ical (shaft) energy as possible. In Fig. 5.2 a) the outputgrdvom the rectifier is shown.
For this turbine, the cut-in wind speed is 4 m/s and the radéational speed is reached
at 10 m/s.

Since the synchronous generator is connected to a diodéeeirt Fig. 5.2 a), it is as-
sumed that the output voltage of the rectifier is proportiem¢éhe speed of the generator.

The voltage is assumed to be 2 kV at 4 m/s and 5 kV at 10 m/s wlanhbe seen in
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Fig. 5.2 Output from the wind turbine rectifier. a) power, b) voltagel &) current.

Fig./5.2 b). In the case of a rectifier using IGBTSs, the outmltage level can be ad-
justed by the rectifier to be constant 5 kV instead of the vayyevel, which is shown in
Fig.[5.2 b).

Average Power Loss Calculation

For the evaluation of the different DC/DC converters andticrstrategies, the average
power loss for the systems will be used. The average powse$os the expected power
losses can be calculated as

Plos&avg = /f(ww)Ploss(ww)dww (51)
0

where f(w,,) is the probability density function for the wind speed &g (w.,) is the
losses as function of the wind speed,. As shown in Chapter 2, the probability distribu-
tion is then given by the average wind speed as

= ﬁ
The average wind speed varies between different locateresage values of 7.2 m/s

and 5.4 m/s have been measured at two different sites in $wj@d¢ which here are
considered to be a medium and low wind speed sites. At the faimd Horns Rev at

W w2
f(w) 2 exp {—TW} : (5.2)
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the Danish west coast, the average wind speed is as high ass1@5h The probability
distributions for these different average wind speeds laoe/s in Fig. 5.3.

0.16
— Average wind speed 5.4 m/s
0.141 7 N | — Average wind speed 7.2 m/s
N A ind speed 10 nj
> 0.121 / - verage wind spee /s
2]
§ o01{ /
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- . ~ e
0 T T v -
0 5 10 15 20 25

Wind speed [m/s]

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 ferdift steps. First a group of
turbines are connected to a DC/DC converter, then this geocpnnected to other groups
and further until all turbines have been connected and #restnission voltage has been
achieved.

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

The output voltage of the rectifiers in the turbines, whichywaith the wind speed and
thus varies between wind turbines, should be adjusted tcamenon level for the HYDC
transmission. This could be done in a number of ways, respiti different demands for
the DC/DC converters. In this thesis two different conttohtegies are evaluated for the
generating system consisting of a synchronous generatbraniiode rectifier, control
strategy 1 and 2. In control strategy 1 the DC/DC convertetke wind turbines handles
all voltage variations. In control strategy 2 the DC/DC centers in the wind turbines only
handles the variations between the wind turbines in the gso and the group DC/DC
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converter handles the variations between the groups. énittie case with an IGBT rec-
tifier with a constant output voltage is also investigatestelcalled control strategy 3.

Another option could be to remove the DC/DC converter in tiveviurbine and thereby

force the output voltages from the wind turbine rectifierthw a group to have the same
voltage. The voltage variations then have to be handled dypistream DC/DC convert-

ers.

Control Strategy 1

The first control strategy is that each wind turbine will gweconstant output voltage
independent of the wind conditions. All voltage variatiomdl be taken up by the first

converter, and the group DC/DC converter can then have a iined and output volt-

ages. In Fig. 5.4 one group of wind turbines is shown togetlibrthe voltage and power
levels.

wind turbines

]
1
Generator DC :
and rectifier DC : Gl”OLlp
: DC/DC
converter

__________________ . Position 1b

0-5 MW :
Generator DC : "1 bC 75KV
and rectifier DCH c
2-5kV ! I DC
e i 0-25 MW
° 15kV

Fig. 5.4 One group of wind turbines and the voltage and power levelsdotrol strategy 1.

From the figure it can be seen that the voltage from the rectdiees between 2 and 5 kV.
In this case, all voltage variations should be handled byfitee DC/DC converter. As-
suming that the DC/DC converter can just be used as a step-clonverter apart from the
fixed voltage ratio in the high-frequency transformer, thesformer must be designed for
the minimum input voltage and the maximum output voltage.titgher input voltages,
the DC/DC converter lowers the transformation ratio. Thegeaof voltage transforma-
tions, apart from the transformer ratio, for the wind tuebiDC/DC converter is 1:1 to
1:0.4 and for the group DC/DC converter 1:1. Since all vatagriations are taken care
of for each individual turbine, there is no need to consitiervariations in wind condi-
tions between the turbines. As can be noted, this contiatiegty needs a DC/DC converter
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with a wide transformation range for the wind turbine, and wiith fixed transformation
range for the group converter.

Control Strategy 2

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

wind turbines

r 0-5 MW 1
1
1| Generator DC :
1| and rectifier DC [ Group
d 2-5kV ! DC/DC
1
TTTTTTTEET T o T T converter
Position 2a .
fommmmmmmmmmmmm e ' Position 2b
d 0-5 MW 1
| I
I| Generator DC : € be
. ! 75 kV
1| and rectifier DCH T4
! 2-5kV ' DC | —
| 0-25 MW
hd 6-15kV

Fig. 5.5 One group of wind turbines and the voltage and power levelsdaotrol strategy 2.

In this control strategy, the first converter has constamn keetween in the input voltage
and the output voltage except for the adjustment in the cadéferent wind speeds for
the different turbines. The adjustment of the voltage efre@im the different turbines does
not need any special design considerations for the DC/D@erter in the wind turbine.
The output voltage is proportional to the input voltage amel riatio of the converter is
1:1 excluding the transformer ratio. If the voltage levals different for the different
turbines, the duty cycle can be lowered for the turbines Witjinest output voltage. For
the group DC/DC converter, the voltage variations that nbeshandled is the same as
for the wind turbine DC/DC converter in the previous consthtegy, which is between
1:0.4 and 1:1. As can be noted this control strategy needs /®OConverter with a
lower transformation range for the wind turbine DC/DC catee but a wide range group
DC/DC converter.

Control Strategy 3

The third control strategy is when a wind turbine with a cansbutput 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 levelsdotrol strategy 3.

As seen in the figure, all DC/DC converters have fixed voltagels in control strategy 3,
and the range of voltage transformations, apart from thestcamer 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/ aBdtbe resulting demands
for the DC/DC converters in different positions are summeiin Table 5.1. Position 1la
is in the wind turbine and position 1b is for the group of tuds in control strategy 1.
Similarly, positions 2a and 2b are in the turbine and for traug of turbines in control

strategy 2 and the same applies for control strategy 3.

Table 5.1: Operating conditions for the converters.

Converter  Inputvoltage Output voltage Input power

Position 1la 2-5 kV 15kv  0.2-5 MW
Position 1b 15 kV 75 kV 1-25 MW
Position 2a 2-5 kv 6-15kv  0.2-5 MW
Position 2b 6-15 kV 75 kV 1-25 MW
Position 3a 5kV 15kv  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 8diaentical and the converters
will therefore have the same design. Further, it can be nibkgickthe output voltage from
the local wind turbine grid is not high enough to be used in &DE transmission.
To achieve a complete grid system for a wind farm, an additistep is needed with a
DC/DC converter to achieve the transmission voltage as se€iy. 1.1. This DC/DC
converter could be an up-scaled version of the DC/DC coexedtudied in this thesis.

5.2 Choice of Material and Components

In the design and loss calculations of the converters, thpgsties of all the components
have to be known. In Chapter 4, the calculation of the lossethk converters are pre-
sented. However, for obtaining results, specific mateaatscomponents must be chosen.
In this section, the choice of components and materialsingéd 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 dedigreluding the number of
series- and parallel connected modules as well as the dessgubber circuits. Since the
voltage level will be high for the switches in the input bred® kV for the converter for a
wind turbine and 15 kV for the group converter, a number of TGBodules must be con-
nected in series. Also the current is high, which then reguarnumber of IGBT modules
connected in parallel. This could be done with the StakPakodules from ABB, where

the chosen IGBT module 5SNR 20H2500 has a rated voltage & ¥%hd a rated cur-

rent of 2000 A [52]. For the hard-switching case loss dataaslable, but unfortunately
there is no loss data available for this IGBT during softtshing conditions.

Another option for the IGBT switches is an IGBT from Eupe® BFF200R33KF2C IGBT
module with rated voltage 3300 V and rated current 200 A. Risr¢component, data for
losses during hard-switching is found in the data sheetd@b8]data for switching losses
during soft-switching conditions are found in [58]. Funthieis assumed that it is possible
to make a single module of 10 parallel connected Eupec IGBilcmthen has the same
rated current as the ABB module.

A comparison of the two IGBT modules are found in Table 5.2reiehe ABB module
is the 5SNR 20H2500 StakPak 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 differert®den the losses for the two
IGBT modules. The ABB module has higher switching losses tha Eupec module but
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Table 5.2: Comparison between the ABB and Eupec IGBT modules

Value ABB module Eupec module
VeE,maz 2.5 kV 3.3kV
Icmax 2 kA 2 kA

E,., 1.25kV, 2 kA 4.0J 2.53J
Eorr, 1.25KkV, 2 KA 3.6J 1.77J

P., 2 kA 4.4 kW 8 kW
P.,1kA 1.8 kW 3 kW

has lower conduction losses. Therefore, the ABB moduledatepred for lower switching
frequencies while the lower switching losses of the Eupeduteis advantageous for
high switching frequencies.

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

5.2.2 Losses for the IGBT and Diode Modules

The conduction losse’- for both the IGBTs and the diodes are given by

Po=Volo = Acle + Bclg + Cclg (53)

as shown in Chapter 4. The conduction losses is a functidmeairrent/ in the device
and the constantd., B andC obtained from the relation betweéf and /- in the
data sheets for the components [52, 51, 53]. The values #ocdhstants are presented
in Table/ 5.3 for the ABB IGBT module 5SNR 20H2500 ("ABB diod®&’ iand "ABB
IGBT"), for the ABB diode module 5SNF 20H2500 ("ABB diode 8uand for the Eu-
pec IGBT module FF200R33KF2C ("Eupec diode in” and "EupeBT3. Note that the
conduction losses for the Eupec diode and IGBT should bailedéd for the assumed
module with 10 FF200R33KF2C components connected in ghrall

For the switching losses, is was shown in Chapter 3 that timedn losses are negligible
compared to the turn-off losses for the fullbridge conveated the single active bridge
converter. For these converters, the turn-off losses ®i@BT modules are reduced by
using snubber capacitors connected across the deviceswn shsections 3.2 and 3.3,
using the topology of the snubber circuit shown in Sectidn33.0n the other hand, these
capacitors must be discharged before the device is turned tis is not done, the ca-
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Table 5.3: Constants for calculations of conduction logséise semiconductor devices.

Component Ac Bc Ceo

ABB diode in 1.047 4.94-1074 —3.64-1078
ABB IGBT 1.030 9.13-10~4 —3.70 - 1078
Eupec diode in 0.860 1.25-107%  —1.30-1077
Eupec IGBT 1.140 1.68-1073 —1.38-1077
ABB diode out 1.047 4.94-107* —-3.64-1078

pacitor is discharged through the IGBT and adds losses tatimponent. For the series
parallel resonant converter, the switching losses aragiblg if all switchings occur un-
der zero voltage and/or zero current conditions. For thd-Baiitching turn-off losses, the
values in the data sheet for the component can be used fardhedlculations. However,
the calculation of turn-off losses when a turn-off snubksgracitor is used to reduce the
losses, needs to be investigated more carefully.

The basic principle of the snubber capacitor to increasagbdime of the voltage at turn-
off was shown in Sections 4.1.3. However, as mentioned iti@ed.1.4, the switching
losses for soft-switching conditions are hard to predibergfore, the most accurate way
for calculating these losses is to use data from measursrotlusses during soft switch-
ing of the IGBT. Results from such measurements are availab]58]. From the mea-
sured data, it was assumed that the switching losses arerfimal to both current and
voltage, but the constant is different for the differentlsimer values. From Section 4.1,
the equation to calculate the turn-off losses during haitieing is given by

Esopp = Esz%offﬁ .ZV ;

ref lref

where the energy dissipated at turn-6ff,;, is a function of the voltag&;  and the cur-
rentiy at turn-off. The reference valuéssp,;y, V..; andi,., are given in the data sheet
of the component. In this case, the same equation is assuntezivtalid for snubbered
turn-off, even though the value @fsy,;; changes with the value of the snubber capac-
itor. From the measured results presented in [58], the gabfi¢’sr, s are presented in
Table 5.4 forV,.; = 1800 V andi,.; = 2000 A.

(5.4)

In the simulations and loss calculations of the converteolmgies, the Eupec IGBT mod-
ule with rated current 2 kA consisting of 10 FF200R33KF2C mied connected in par-
allel is used as shown in Table 5.4.
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Table 5.4: Reference valugs g, for turn off losses for 10 parallel connected EUPEC
FF200R33KF2C IGBT modules at 1800 V and 2000 A as a functicth@fsnubber ca-
pacitor.

Capacitor value Esp,

C,=0 2360 mJ
Cy=10uF 1750 mJ
Cy=22uF 1560 mJ
C,=47uF  1320mJ

For the switch that consists of several IGBT modules, thee/&br the snubber capacitor
must be adjusted according to the number of modules corhéttgeries and parallel.
The voltageV,,,, the currentl,,, and the capacitof’,, for a switch are distributed to the
voltageV;,.q, the current,,,.; and the capacitat’,,,,, for a single IGBT module assuming
ns modules in series and, modules in parallel as

I
vmod = %7 Imod = —tot and C’mod = Ctot%- (55)

s np P
The total stored energy ., in the snubber capacitors for the single modules can then be
calculated as

1 1 ne V2 1
Wcap = NNy 5 Cmodvn%od = NNy 5 C(tot n_p # - 5 Ctot Vvt?)t 5 (5 6)

which shows that the turn-on losses due to the energy stardéaei 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 ep@hr 3 and the calculation
of losses as shown in Chapter 4, the characteristics of tteeraterial must be known.
Here, two different core materials are chosen. The first nais laminated steel NO12
with a thickness of 0.12 mm [59], and the second material izéghd$® POWERLITE®
core [57]. For both materials, the core losses are given by

Pcore = KlftIrQBKS ‘/cm"e (57)

max

as stated in Chapters 3 and A,,. is here given in kW, the transformer frequengy
in kHz, the peak flux density, ... in T and the core volum&,,,. in m®. The values of
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the constantd(,;, K, and K3 as well as some other characteristics of the materials are
summarized in Table 5.5.

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

Parameter Steel core Metgfasore
K 298 46.7

K, 1.19 151

K3 1.65 1.74
Saturation flux ~14T 156T
Density 7.65 g/ch 7.18 g/cm

As seen in Table 5.5, the steel core has higher losses thametigtas® core. On the other
hand, the steel core is less expensive and can be availahl&iger number of shapes.
In the loss calculations for the converters, the resultagigihe Metgla® core will be
presented. If the steel core is used, the transformer logifldse 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 procedureowrshin detail in Chapter 3.
However, there is a large number of possible designs thall thie requirements for a
specified converter. These different designs have diftesizes and losses for the speci-
fied operating conditions. For the operation in a DC-basettiiarm, the converters are
going to be situated in a wind turbine or on an offshore ptatfor his location makes a
small and less heavy transformer preferable since thaivisriag the cost of the material
and the costs for the mechanical as well as the costs forpatnsg the transformer to its
final location and it makes the design of the mechanical stra@asier.

Also a rough estimation was made of the cost of the materialbeaoed to the cost of the
losses in the transformer during its lifetime. The cost efthaterial was then multiplied
several times to also count for the manufacturing costsctist for transportation and
other factors. The result was that the transformer with tveekt weight for specified
ratings of voltage, current, transformer ratio and leakadactance 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 aresagred and suitable designs
are obtained for the positions in the wind farm presentedeictiBn 5.1.2. The designs
should have as low losses as possible and also low complaxityweight. To limit the

complexity of the converter, no auxiliary circuits excepuen-off snubber are considered.

5.3.1 Design Criteria

The fullbridge converter has a current-stiff output filtas, seen in Fig. 5.7, resulting in
that the output voltage depends on the input voltage, the dutle and also the loss of
duty cycle caused by the switching-time as explained iniGe&.2.2.

Dl Dl YY)
Sy J@i’, S3J@3 Lioa
TT - N D, D/
Vdir() Cin T Ls % % Cload == Ricad [] +Vload
S, | S4J@_ De % Ds
T W 1

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

There are some design considerations common for all positiothe wind farm, that are
lined up for the fullbridge converter. The first design aidds the transformer ratio that
is determined by the highest demanded transformation fatithe converter. Since the
fullbridge converter just can operate as a step-down ctewvapart from the transformer
ratio, the transformer ratio is determined by the highetsb t@etween the output voltage
and the input voltage. Further, the leakage inductanceefrinsformer is determined
by the soft-switching requirements of the converter. If thgging-leg should be soft-
switched, the energy stored in the leakage inductance dfansformer must be larger
than the energy stored in the snubber capacitors in thedgdeg. Further, the input and
output filters should be designed.

Leakage Inductance and Snubber Capacitors

For investigating the leakage inductance needed for aiclyeoft-switching of the tran-
sistors, calculations are performed for an ideal convefiest, the ratio of the transformer
n is determined as the largest step-up ratio of the convaiten, the duty cyclé is cal-
culated

Woad

D= )
Van

(5.8)
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After this, the current for the conducting devices in theunpridge is calculated as

P

lin = vdD7
where the current;,, is assumed to be constant during the on-state. Furthereéthade
inductancel, required for soft-switching of the lagging-leg devicesasculated as

(5.9)

1 1

giving

2 2
L = C;Vd . (5.11)
1

The energy required for charging the snubber capacitor$.it0J is twice the energy

required for one snubber capacitor. This is due to the sedasection of two snubber

capacitors (one across each switch) where one capacitdo lescharged and the other
has to be discharged.

The resulting leakage inductance values required forsmitiehing are shown in Fig. 5.8
for (a) position 1a, (b) position 2a and (c) position 3a an&im 5.9 for (a) position 1b

and (b) position 2b, where the positions in the local winditue grid are shown in Ta-

ble/5.1. Note that the value for the snubber capacitor shawthe figures is the value
for the snubber capacitor for one IGBT module. The total drenlzapacitor across one
switch is calculated using (5.5).

In Fig./5.8 it is shown that a large leakage inductance of thesformer is required to
achieve soft-switching for the lagging leg devices in adai@nge of operating conditions.
However, there are also drawbacks with a large leakage fadoe since there is a loss
of duty cycle for the converter when the current in the transkr reverses direction as
shown in Section 3.2.2. The tim&t for reversing the current from,, to —i;, when the
voltageV/, is applied across the leakage inductanges calculated using

2%in
7d’
and the resulting timé\¢ is shown in Figl 5.10 for (a) position 1a, (b) position 2a and
(c) position 3a and in Fig. 5.11 for (a) position 1b and (b)ipos 2b for different wind
speeds.

At = L, (5.12)

The resulting time\¢ should be compared with the time for one period that is 1000t
is then obvious that it is not reasonable to have a leakagetadce that can achieve soft-
switching over the whole operating range for any of the caeve as shown in Figs. 5.8
and 5.9. Since there are two current reversals in each periealue ofA¢ of more than
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Fig. 5.8 Leakage inductance required for soft-switching of the llagdeg in the fullbridge con-
verter.

100us is not reasonable since it would give more than 20 % losstyfaicle. The value
of the leakage inductance that giveg\a of 100 us is 230uH for positions 2a and 3 a
and 100uH for position 1a. With these values of the leakage induaanoft switching
can just be achieved in a few operating points at high winédpeAt lower wind speeds,
the lagging leg switches are forced to turn on at a finite g&teesulting in large losses
due to the discharge of the snubber capacitors. Thereformra suitable option would
be to have the lagging leg hard-switched without snubbesi@#grs and chose a leakage
inductance below 50H for a low loss of duty cycle. The same principle applies fon-c
verters 1b and 2b as seen in Figs. 5.9/and 5.11.

Another design issue for the fullbridge converter is theetiior charging and discharging
the snubber capacitors for the leading leg. Even thougle ikenough energy in the filter
inductance to charge the capacitors, the time for chargamgoe a considerable fraction
of the switching period. The timét. for charging the capacitors of the leading leg is
calculated using

AV

Atc - CS,—.
Zm/Q

(5.13)
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Fig. 5.9 Leakage inductance required for soft-switching of the lagdeg in the fullbridge con-
verter.

The resulting timeAt¢, for charging the leading-leg snubber capacitors are shown i
Fig.[5.12 for (a) position 1a, (b) position 2a and (c) posit&a 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 notetlghiane of 10us for charging
the capacitors corresponds to 2 % of the switching cycler@lhg an assumption is made
that the maximum time allowed for charging the capacitor&ds:s, equal to 4 % of
the switching cycle. This will then result in turn-on lossg¢dow wind speeds where the
snubber capacitor is not discharged before the switch mietlion.
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Fig. 5.12 Time At, for charging the lagging-leg capacitors.

60
-4 C=LO0uF
501 - C2.4F
& C=4TuF
40 §
w o
30 30, 30
a7 b
20
10
4 5 6 7 8 9 10 11 12 4 5 6 7 8 9 10 11 12
wind speed [m/s] wind speed [m/s]
(a) Position 1b. (b) Position 2b.

Fig. 5.13 Time At, for charging the lagging-leg capacitors.
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5.3. The Fullbridge Converter

Filter design

For the operation of the converter both input and output$ilsee needed. The input filter
is simplified as a large capacitor which provides a constapti voltage to the IGBT
bridge even if the input current is not constant. Assumirag the peak-to-peak ripple in
the input voltage\V;,, is expressed as

1 Ts ‘/load

A‘/z - 5 Ioa - ]zn ry 5

Ci ( toad!? ) 2 ‘/znn

wherel,, is the average of the input curreiit,,, is the average output currefif,, is the
input voltage,V,..q is the output voltage(;, is the value of the input capacitor,is the
transformer ratio and; is the switching period. The minimum value @f, is then given

by

(5.14)

Iloadn - ]z ) . (515)

The resulting values for the input capacitor is summarizedte different positions in
Table 5.6.

400 :
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(a) Positions 1a, 2a and 3a. (b) Positions 1b and 2b.

Fig. 5.14 Minimum input capacitorC;, for the FB converter.

It can be seen that the converters with varying ratio betwbennput voltage and the
output voltage have the highest requirements for the inpp#citor. The converters with
constant voltage ratio can have a almost full duty cycle latvadd speeds and the the
stresses for the input filter will then be low.

The output filter for the fullbridge converter will be simfpdid to a larger filter inductance
due to its current stiff characteristics. To calculate thductancel;,.4, the peak-to-peak

ripple in the output current is calculated as
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Ts ‘/out 1
AIoa = ‘/zn - ‘/ou e .
foad ( " t) 2 ‘/znn Lload
Assuming that the maximum current rippe;,.q = 0.11;,44, the minimum value for the

filter inductance can be calculated as

T V2
Lipad = : Viead — —244 , 517
toad 0~2]load < foud ‘/;nn) ( )

and the results are shown in Fig. 5.15.

(5.16)
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Fig. 5.15 Minimum output inductancé,;,., for the FB converter.

From the results, it can be seen that the largest value ofitheetance needed to maintain
the current rippleAr;,.q below 10 % of the output current occurs at low power levels.
Since the value of the inductance is large, the convertetdimeiboth less heavy and less
expensive if the value of the inductance can be decreasd@blie 5.6 both the value of
the inductance needed to limit the current ripple at all vepdeds is presented as well as
the value needed for limiting the current ripple below 10 %vatd speeds above 8 m/s.
Also, just as for the input capacitor, a larger value is ndefde the converters with a
varying voltage ratio.

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

Pos. la Pos.2a Pos. 3a Pos. 1b Pos. 2b
C; 641uF  97uF 97 uF 49 uF 360uF
Lipad 700mH 90mH 530mH 2400 mH 3800 mH
Lioaa,>8m/s 305mH 35mH 55mH 240mH 1540 mH
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5.3.2 Losses in the Fullbridge Converter

In this section, the losses in the fullbridge converter do&ted for different values of the
snubber capacitor. Assuming that the snubber capacitossér single IGBT module is
given by the values used in [58], the total snubber capafota switch is determined by
the number of modules connected in series and parallel. dineula for calculating the
total snubber capacitar,,, is

np

Csw = Ymod (5 18)
n

whereC,,,q is the snubber capacitor for one module andandn, are the numbers of
modules connected in parallel and series. In the resulbissgls, the value of the snubber
capacitor is the value of the snubber capacitor for one nedul

The results from the loss calculations are shown for thesigfit positions for different
values of the snubber capacitor in Fig. 5.16 for positions2baand 3a and in Fig. 5.17
for positions 1b and 2b. The loss distribution for the cotessrusing snubber capacitor
C; = 1 uF are then shown in Figs. 5.18 and 5.19 and the losses are swacha 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 camaCi for positions 1a, 2a and
3a.

Positon C=0 C,=1uF C,=22uF C,=4.7uF

Pos. 1la 57 kW 55 kW 55 kwW 54 kW
Pos.2a 29 kw 28 kKW 28 kW 27 KW
Pos.3a 29 kw 28 kKW 31 kW 47 kW

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

Positon GC=0 C,=1uF C,=22uF C,=4.7uF
Pos.1b 195kW 192 kW 192 KW 214 kKW
Pos.2b 321kW  312kW 310 kW 317 kW

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

losses using the snubber capacitgr=Cl /F, while the converters for positions 1a and 3a
have the lowest losses with the snubber capaciter €7 F. For position 1b, as seen in
Table 5.8, the lowest losses are achieved with snubberitap@c = 1 uF or C, = 2.2 uF
and for position 2b, the lowest losses are achieved withisautapacitor C= 2.2 uF. In

the cases where the losses are similar for different snudapercitors, the capacitor with
the lowest value is chosen to reduce the cost and increasaitohing speed.

The resulting losses for the fullbridge converter showsityethat a constant ratio be-
tween the input and output voltage reduces the losses focaheerter. Since the out-
put voltage basically is the input voltage times the dutjorahe duty ratio can be kept
constant at a high value. For positions 2a, 3a and 1b, theectamhas a constant trans-
formation ratio which results in low losses, especially ighhwind speeds as shown in
Figs.[5.16 and 5.17. If the ratio between the input and theuiutoltage varies as for
positions 1a and 2b, the converter has to be designed foighest transformation ratio
leading to a higher ratio of the transformer. This resulta aecrease in the duty cycle at
high wind speeds where the ratio of the transformer is cenalaly higher than the de-
sired transformation ratio and the voltage levels are theedar all converters. Since the
ratio of the transformer is higher, the current at turn-offie switches will be higher than
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Fig. 5.17 Losses as a fraction of input power for the FB converter faitmmms 1b and 2b.

for the converters with constant voltage ratio and thereloyvar ratio of the transformer.
A higher current at turn-off gives higher turn-off lossesld@hereby higher losses for the
converters. Also, the high current will flow in the semicootw components even in the
off-state, giving high conduction losses.

Another source of increased losses due to the wide rangeestipg conditions is the
limited design of the snubber capacitors. The complexityhefconverters should be kept
as low as possible whereby no additional circuits apart ftbenturn-off snubbers are
allowed. Due to this, the value of the snubber capacitom#édid due to the high voltage
and low current at low wind speeds, where the time for diggihgrthe capacitors is
longer than the allowed delay between turn-on and turnAdtirge snubber capacitor will
then cause large turn-on losses at low wind speeds while Besrsaubber capacitor not
leading to any turn-on losses will not give any significamtuetion in turn-off losses. The
lowest losses are obtained by the converter at position&ahtis constant voltage ratio
and also lower voltage levels at lower power levels. Alse, ldakage inductance in the
transformer required for discharging the capacitors indlging leg at low wind speeds
is too large whereby that leg will be hard-switched. For ativerters the efficiency at the
lowest wind speed is low since the transferred power is asa®w % 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, Bd 8a with snubber capacitor

Fig. 5.19 Loss distribution for the FB converter for positions 1b afdvidth snubber capacitor
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5.4. The Single Active Bridge Converter

5.4 The Single Active Bridge Converter

For the single active bridge converter, design conditicagehbeen presented in [10] as
well as different control methods for the converter. Helne,¢ontrol methods used in this
thesis will be presented and, just as for the fullbridge eotar, designs will be made for
each position in the local wind turbine grid. Then the lossdksbe evaluated for each
position using both control methods.

5.4.1 Control Methods

In [10], the control of the single active bridge convertediscussed and here two of the
control methods are presented that will be used in thisshesi

Turn-off Time Control Operating at DCM

The first control method used for the single active bridgeveder is called turn-off
time control operating at discontinuous conduction mod€NID described in [10]. The
switching frequency is constant for this control method] &me power flow is instead
limited by lowering the duty cycle for the transistors. Asesult of this there will be an
off-time between the time-point when the current throughdiodes has decreased to zero
and the time instant when the transistors starts condu@inge the switching frequency
is constant, the designs of the transformer and the filtereasier to optimize. On the
other hand, the power flow will be interrupted in the discontius conduction mode and
there will be turn-on losses when the snubber capacitordiscbarged at turn-on after an
off-period.

Variable Frequency Control

The second control method is the variable switching frequeontrol [10]. For this con-
trol method, there is no off-time between the current thiotge diodes has decreased to
zero and the transistors starts conducting. Consequémdlyransistors can be turned on
while the freewheeling diodes are conducting and there@tam-on losses. The control
is achieved by varying the switching frequency, where amneiase in the frequency in-
creases the impedance of the leakage inductance and thieng@bythe transferred power.
However, this control method will give large frequency eéions for the wide range of
operating conditions for a wind turbine. Thereby, it is htodind designs for both the
transformer and the filters suitable for all operating pmint

5.4.2 Design Criteria

For the single active bridge converter seen in Fig. 5.20d#sign of the converter is ba-
sically the choice of the leakage inductance of the transéorand the transformer ratio,
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which determines the operation of the converter as showeati@h 3.3.

D4 D
S; ] l SSJ@l
%’ TT N\ Ds D;

+
Vy4 () Cin T Ls § é Cload = Rload[] Vioad

"G} B 7

Fig. 5.20 Topology for the SAB converter.

For the single active bridge converter, sources for ina@e#ssses compared the the full-
bridge converter are the turn-on losses due to the disclodtgpe snubber capacitors and
the larger turn-off losses due to the triangular currentef@im. The turn-on losses can
only be reduced by turning the switch on while the freewhgetiiode is conducting as
in the variable frequency control. However, that resultannncreased frequency which
gives larger turn-off losses whereby this frequency vemnestshould be limited as much as
possible. Also, for the constant frequency control, the-nff losses increase if the duty
cycle is low since the current at turn-off is higher than ia tdase of a higher duty cycle
with the same operating conditions. Consequently, botlrobstrategies would benefit
from a converter design that is operating as close to theatkfiequency or the desired
duty cycle as possible for all operating points. For the glesif the converter, the case
with constant frequency control which results in the cutrrgaveform in the transformer
as shown in Fig. 5.21 will now be considered.

tup tdown toff

ts

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

Using these waveforms, the design of the converter can lestigated using ideal compo-
nents. Assume an input voltage,\on the input of the transformer, and an output voltage
V.« On the secondary side of the transformer. To simplify theudations, \,,; is down
scaled to the primary side of the transformer. Further,¢l&dge inductance of the trans-
former seen from the primary side ig,lthe peak current is,, and the transferred power
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is P,.. The rise time f,, the fall time f,,,, and the off time §;, of the transformer current
can be calculated using

L
tup = ————lmaz, 5.19
P Vi Vour' (5:19)
L
tdown = — L mag 5.20
¢ ‘/m + ‘/;utl ( )
and
toff = tS - tup - tdoum- (521)
Further, the transferred power,Ran be expressed as
tu - tdoum V;nima:v
Py, = -2 T 5 (5.22)
Using (5.19)-(5.22), the peak currept,i. can be expressed as
, Pyt (V2 —V2,)
max — - o 5.23
! \/ ‘/in‘/outh ( )

Knowing the peak current, t; can be calculated using (5.21). The aim of the design is to
minimize the off-time §;; as much as possible. Sine the input voltagg the transferred
power R, and the cycle period, tare known, the value of the leakage inductanceuhd

the transformer ratio giving )/, are varied and,}; is plotted in Figs. 5.23 and 5.25. In
order to explain the design results, the off-time is elinmoeand expressed as

Pyt AV, L
toff:ts_\/( wlsdVinls (5.24)

Vn% - Vozut)v;)ut

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

Using (5.24), the transformer ratio that gives zero offaioan be calculated for different
values of the leakage inductancg [his is done for all wind speeds for the converters at
positions 1a, 2a and 3a and the resulting values are showg.ib.22.

It should be noted that the conditions for the wind speed41@&nd 12 m/s are the same
for all converters. In Fig. 5.22, the values of the transfermatio and the leakage induc-
tance that give zero off-time are shown. It is obvious thatehs no design that gives zero
off-time for all operating conditions. From (5.24), it isssethat an increase of the leakage
inductance would give a negative off-time, which is not jploles Therefore, the allowed
values of the leakage inductance are the values that are tbae the values indicated
in the figure. For the single active bridge converter at pmsita as seen in Fig. 5.22 (a),
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Fig. 5.22 Transformer ratio and leakage inductance for zero off-fionéghe SAB converter.

there is a crossing point where there is zero off-time fohbeind speeds 12 m/s and
4 m/s, and these values are therefore chosen for the destga obnverter. For the con-
verters for positions 2a and 3a, any of the designs giving p#frtime for wind speed
12 m/s can be used as shown in Figs. 5.22 (b) and 5.22 (c). 8ieceis no significant
difference between the possible designs for position 2a88anthe same design in chosen
as for position 1a.

The values for the leakage inductance and the transfornieraee obtained from ap-
proximate calculations and must therefore be slightly steéjd to give zero off-time at
12 m/s in the simulation model. The resulting design valueslen a leakage inductance
L, = 200uH and a transformer ratio of 7.9. The resulting off-time foe tifferent con-
verters are shown in Fig. 5.23, and are compared with thar@uiaoff-times from the
simulations.

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

90



5.4. The Single Active Bridge Converter

250 250

— calc. valueg — calc. valueg
% sim. values % sim. values
200 200 1 3
*
o o
=, 150+ = 150+ *
[} [}
£ £
& 100 4« 100
o (=]
50 1 50 1
* *
0 0
4 5 6 7 8 9 10 11 12 4 5 6 7 8 9 10 11 12
wind speed [m/s] wind speed [m/s]
(a) Position 1a. (b) Position 2a.

500
— calc. valueg
* % sim. values

400 1 L

300 1

2001

off-time [u s]

100 1

0

4 5 6 7 8 9 10 11 12
wind speed [m/s]

(c) Position 3a.

Fig. 5.23 Resulting off-time from the design program for the singlévacbridge converter.

Group Converters, Positions 1b and 2b

For the single active bridge converters used as group ctamgethe design is made in the
same way as for the converters for one wind turbine. Sincedheerters for position 1b
and 3b are identical, designs are just made for position @il2anin Fig! 5.24, the trans-
former ratio that gives zero off-time is presented for poss 1b and 2b as a function of
the leakage inductance L

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

In Fig./5.26, the resulting switching frequency is showntf@ converters in the case of
variable frequency control.
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Fig. 5.24 Transformer ratio and leakage inductance for zero off-fionehe SAB converter.
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Fig. 5.25 Resulting off-time from the design program for the singlévacbridge converter.

It is shown that the switching frequency stays within readx@ values for all converters
except for positions 3a and 1b where the resulting switcliiaguency 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 filted ¢he output filter are voltage
stiff and are therefore simplified as capacitors. Just athfimput filter for the fullbridge
converter, the value for the capacitor is calculated thapkethe peak-to-peak voltage
ripple within 10 % of the average value of the voltage. Stgrivith the input capacitor
Cin, the voltage ripple\V;,, can be expressed as

1 [ tupt 1 I
A g — up*max _ I 1__ m .2
Vo= g (22 =t (1= 522)) (5.25)

wherel;, is the input currentt,,, 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 variabgfrency control.

imaz 1S the peak current as shown in (5.23). Assuming th&t, = 0.1V, the capacitor
value can be expressed as

10 tupimax 1 Im
On = (25 ol (1-572)) 620

'Lma:c

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

C'l oad —

10 (tup + tdoum)imax/n 1 ]load

— (tup + taown) lioaa | 1 — == . (b.27
Woad < 2 ( P Tl ) foud 2 melr/n ( )
The resulting values for the input capacitor are shown in'&ig7 and the values for the

output capacitor are shown in Fig. 5.28. Also, the resultialgies are summarized in Ta-

ble'5.9.
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Fig. 5.27 Minimum input capacitoC;,, for the SAB converter.
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Fig. 5.28 Minimum output capacito€,,, for the SAB converter.

Table 5.9: Minimum values for the filter components for theBS#onverters.

Pos.l1la Pos.2a Pos.3a Pos.1b Pos.2b
C; 1200uF 1200puF 1200uF 440uF 440uF
Cload 28 uF 28 uF 28uF  10puF  10uF

For the single active bridge converter, the designs for timelwirbine converters are the
same independent of the control method as shown previotissiséction. And since the
largest value of the capacitor is required at high wind speeldere the voltage levels
also are the same for the different control strategies, émeashd for maximum input and
output capacitors are the same for the different designis. dlko applies for the group
converters at positions 1b and 2b.
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5.4. The Single Active Bridge Converter

5.4.3 Losses in the Single Active Bridge Converter

For each position in the local wind turbine grid, the totades are plotted as a function
of wind speed, and there is also an average loss calculairahé average wind speed
7.2 m/s. For each position, the different losses are preddot the constant frequency
control as well as for the variable frequency control usiifteent values of the snub-
ber capacitors. The first converters to be considered areaimeerters 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 operaisga wind turbine converter at
positions 1a, 2a and 3a, the resulting losses are plottedrastan of the input power in
Fig.'5.29 for position 1a, in Fig. 5.30 for position 2a and ig.F5.31 for position 3a for
a) constant frequency control and b) variable frequencyrobn
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Wind speed [m/s] Wind speed [m/s]

(a) Position 1a with constant frequency control(b) Position 1a with variable frequency control.

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

Also, the losses are divided into different loss compon@&ntgach converter using the

snubber capacitor G= 1.0 uF, 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, wherenthan 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 thaldlees increase for increasing
snubber value for the constant frequency control due to itjle turn-on losses at dis-
charge of the snubber capacitors. For the variable frequematrol, a lossless snubber
capacitor can be used that lower the turn-off losses but doegive any turn-on losses.
However, the switching frequency is higher for the varidldguency control resulting in
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(a) Position 2a with constant frequency control(b) Position 2a with variable frequency control.

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

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

higher turn-off losses. The lowest losses are achieved \herariable frequency con-
trol is used with snubber capacitor, € 4.7 uF. In the loss distribution in Fig. 5.32 it

is clearly shown that the turn-on losses is the large diffeeein losses between the two
control strategies. There is a slight increase in turn-adtes for the variable frequency
control, but that difference is smaller than the turn-orséss In Table 5.10 it is shown
that the constant frequency control has lower losses trendhable frequency control

without the snubber capacitor due to the lower turn-off éssgHowever, when a snub-
ber capacitor is inserted, the losses are reduced for thabl@afrequency control while

the losses are increased for the constant frequency coftrellowest losses would be
achieved with variable frequency control ang=C4.7 uF, which also is the chosen design.

Then, the same comparison between different control giegend capacitor values are
made for position 2a. The results for wind speeds 10 to 12 re/ha same as for position

la since the voltage levels are constant. For both contrtiaeds, the losses are similar
as for position 1a except for the lowest wind speeds whertses are increased due to
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10 - - - - : : - 10
— Total losses — Total losses
% Transformer losseq % Transformer losseq
_ 89 — Turn-on losses _ 89 — Turn-on losses
X - — Turn-off losses X - — Turn-off losses
0 - -+ Conduction losse: n - Conduction losse:
(0] 6 . . [0} 64 L
3 2
o o
g 47/\_—\ g 4 T
o o
o o -
~ L |1 .7 B T T
27/’/, —\-'~e~-$._‘.”_,,_.,_‘_ 21, ~l L
o¥ * % K TR k- ¥ oX M S S S
4 5 6 7 8 9 10 11 12 4 5 6 7 8 9 10 11 12
Wind speed [m/s] Wind speed [m/s]
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Fig. 5.32 Loss distribution for the SAB converter for position la wigmubber capacitor

Cs=1.0uF
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(a) Position 2a with constant frequency control(b) Position 2a with variable frequency control.

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

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

Also for position 3a, the losses at high wind speeds are tine s& for position 1a since
both the design of the converter and the voltage levels arsame. At lower wind speeds
the losses are increased more than for the other positibisiricrease in losses is mainly
caused by the increased off-time at lower wind speeds asrsimoiig. 5.23 (c). The low-
est losses are obtained for variable frequency control anoliser capacitor C= 4.7 uF
as shown in Table 5.10, and this is the chosen design. Hopiewhiould be noted that
the maximum switching frequency is 20 kHz instead of theddt&Hz and if this is a
problem the constant frequency control without a snubbeacitor should be used.
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(a) Position 3a with constant frequency control(b) Position 3a with variable frequency control.

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

Table 5.10: Losses for different values of the snubber aapaC, for positions l1a, 2a
and 3a at the average wind speed 7.2 m/s.

Position Control GC=0 GCG=1uF C=22uF C,=4.7uF

Pos.la Const. freq. 73 kW 75 kW 84 kW 108 kW
Pos. la \Var. freq 76 kW 67 kKW 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 convetrfgositions 1b, 2b and 3b, the
resulting losses are plotted as a fraction of the input panveig. 5.35 for position 1b and
in Fig./5.36 for position 2b for a) constant frequency cohémad b) variable frequency
control. The converter for position 3b is the same as theederfor position 1b.

Power losses [%)]
Power losses [%)]

4 5 6 7 8 9 10 11 12 4 5 6 7 8 9 10 11 12
Wind speed [m/s] Wind speed [m/s]

(a) Position 1b with constant frequency control(b) Position 1b with variable frequency control.

Fig. 5.35 Losses as a fraction of input power for the SAB converter fmsifons 1b and 3b.

Power losses [%)]
Power losses [%)]

4 5 6 7 8 9 10 11 12 4 5 6 7 8 9 10 11 12
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(a) Position 2b with constant frequency control(b) Position 2b with variable frequency control.

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

In the same way as for the wind turbine converters, the loasesdlivided into different

loss components for each converter using the snubber ¢tap&;i= 1.0 uF, which is

shown in Figl 5.37 for position 1b and in Fig. 5.38 for positRb.

The summary of the loss calculations is done in Table|5.1th thie mean value of the
losses for an average wind speed of 7.2 m/s.
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Fig. 5.37 Loss distribution for the SAB converter for position 1b arw\gith snubber capacitor
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(a) Position 2b with constant frequency control(b) Position 2b with variable frequency control.

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

For the converter for positions 1b and 3b, there are higlelo&s low wind speeds just as
for position 3a due to the long off-time at low wind speedsefghis also higher turn-on
losses compared to positions 1a, 2a and 3a due to the hightegedevel at the input for
the group converter. The lowest average losses are actbhgweatiable frequency control
and C = 4.7 uF as shown in Table 5.11. It should be noted that for the virimbquency
control, the switching frequency is as high as 13 kHz at lowdspeeds.

For position 2b the loss distribution is similar as for pmsitlb, but the losses are lower

for low wind speeds since the off-time is not as long as foveoter 1b. The lowest losses
are achieved with variable frequency control and the snutédgeacitor C = 4.7 uF.
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5.4. The Single Active Bridge Converter

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

Position Control C=0 C=1uF C,=22uF C,=4.7uF

Pos. 1b  Const. freq. 466 kW 458 kW 487 kW 548 kW
Pos. 1b  Var. freq 537 kW 467 kKW 445 kW 418 kW
Pos.2b  Const. freq. 367 kW 364 kW 394 kW 430 kW
Pos. 2b  Var. freq 379 kw 338 kwW 325 kw 309 kW
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5.5 The Series Parallel Resonant Converter

The series parallel converter was introduced in Sectionv@»re it was shown that the
only way to control the converter is to change the off-timénaen the pulses. In this
case, the resonant converter is operated in discontinumauction mode. It has been
shown that the resonant converters has lowest losses wiegatimg in the continuous
conduction mode with snubber capacitors across the swit{38. However, with the
wide range of operating conditions shown in the previousiaecthe converter can not
operate in the continuous conduction mode for all operatwigts. The snubber capaci-
tors would then give large turn-on losses in the other casebtherefore the converter is
operated in discontinuous conduction mode for all opeggpimints.

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

5.5.1 Design Criteria

As shown in Section 34 and presented in Fig. 5.39, the spaiedlel resonant converter
contains a resonant tank with a series capacitgra series inductanck,. and a parallel
capacitorC,. This resonant tank has to be designed as well as the inpart diltd the
output filter.
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Vin-f() Cin == Cp —l— § % Cioaa == Rioa [] ) Vout
D, Dy
SZJ SAJ@ Z|S De % Dg

Fig. 5.39 Topology for the LCC converter.

Design of the Resonant Tank

The characteristics of the series parallel resonant ctenaepends on the operating point
of the converter. For a small load resistance, the paralighcitor can be seen as almost
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short circuited by the load resistance and the convertéithgtefore behave as a series
resonant converter. On the other hand, at high values ob#terkesistance, the characteris-
tics of the converter will become more similar to the patabsonant converter [38]. The
main disadvantage of the series parallel resonant comusitieat the output voltage can
not be controlled in the no-load case. Since the serieslphr@sonant converter behaves
as a parallel resonant converter at low loads, this disddgaris eliminated. However, a
large value of the parallel capacitof, results in a significant current needed for charging
and discharging the capacitor once each resonant periatgA increase in the currents
in the switches leads to increased conduction losses, wicht desirable. The choice
of C, is then a trade-off between the good operating charadtayist a high value ot’,
and the lower conduction losses for a low valu€pf In [38], a ratioC,, /C, = 1 is stated
as a good trade-off. In [9], a design with /C,, = 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 lossegoasible and also low
stresses for the components whereby a low valu€,0is desirable. Assuming that the
value ofC, is low enough for the converter to behave as a series rescoanerter at
high loads, the converter can be designed as a series résmrmerter. The converter
is designed for the highest wind speed, which has the higrestferred power, and can
then also handle the lower power levels at lower wind spegdiebreasing the switching
frequency. First, the angular resonance frequencyf a series resonant converter is
calculated as

1

= 5.28
Wo m? ( )
and the characteristic impedance is calculated as
| L
Zy = ok (5.29)

Combining 5.28 and 5.29 the values for the resonant compsihemndC, are given by

C, and L, = C,Z2. (5.30)

Zowo
The angular resonance frequengyis determined by the desired switching frequency.
Assume that the switching frequengy for maximum power is 1 kHz, the resonance
frequencyf, should bef, = 2f, = 2kH 2. The characteristic impedan¢g for a series
resonant converter depends on the input voltage and thentwas [12]

7
B Ibase .
Further, the base currenht,,. can be approximated dg,,. ~ 21,4, Wherel,.q is the av-
erage value of the load current. Note that the transforntiermaust be taken into account.

Zo

(5.31)
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Since the calculated value af, applies for a series resonant converter and no losses are
considered in the calculations, the valueZgfmust be slightly modified for the converter
to have the desired characteristics in the simulations.

The value ofC,,/C., is chosen to be between 0.12 and 0.19 to limit the currenteteft
charging the parallel capacitct,. For the converters designed for one turbine, positions
la, 2a and 3a, the same design of the converters can be used dire to that the opera-
tion conditions are identical for the highest wind speedsctvalso determines the design
of the converter. For operating at lower wind speeds, theaer achieves the correct
output voltage by lowering the switching frequency. Forgheup DC/DC converter, the
design for converter differs between the different constohtegies. For position 2b, the
transformer must have a minimum ratio@f/6 = 12.5 for achieving an output voltage
of 75 kV at wind speed 4 m/s since the series resonant conjagiecan operate as a
step-down converter. The converter for position 1b needsamm transformer ratio of
75/15 = 5 and therefore is the design for converter 2b not suitabledaverter 1b. Also,
the larger transformer ratio for position 2b gives a loweltage and higher current on
the primary side of the transformer. This results in that allenamount of the input cur-
rent is needed to charge the parallel capaditgrand therefore the slightly higher value
C,/C, = 0.19is chosen in this case. For position 1b, the voltage is highdithe current
is lower for the primary side of the transformer and there®tower value”, /C, = 0.12

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

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

Positions la, 2a and 3a 1b 2b
Parallel capacitor  C, 10.0uF 3.0uF 8.0uF

Resonant capacitor C, 69.2F 24.3uF 41.9uF
Resonant inductanceL, 91.5uH 310uH 151uH
Transformerratio n 7.75 7.42 13.42

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

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

If the voltage levels are constant, the current pulses ametichl and the switching fre-
guency must be roughly proportional to the transferred polA@ converter 2a, both the
input and output voltages are lower at lower wind speedsigilower peak current and
lower energy contents in each resonant pulse at lower wieddsp The decrease in the
switching frequency is then considerable lower than fordtier positions. Finally, for
positions la and 2b the input voltage is lowered at low winelesis while the output
voltage is constant resulting is a decrease of the frequenbgtween converter 2a and
converters 1b and 3a. At wind speed 4 m/s there is an incredbe frequency since the
ratio of the transformer is not much larger than the ratioveen the output voltage and
the input voltage.

Filter Design

For the resonant converter, as well as for the single actidgé converter, both the input
filter and the output filter are voltage stiff and can be sifigaddi as capacitors. Starting
with the input filter, the ripple in the input voltageV;,, can be calculated as

1 2.ma:v Izn Izn

Avmz—< ' ——(w— , )) (5.32)
CZ' wo wo Wolmaz

wherei,,.. IS the peak current in the resonant pulse on the primary gjges the DC

input current and’;,, is the value of the input capacitor. Assuming that the maxmu
peak-to-peak voltage ripple 8V;,, = 0.1V}, the minimum value of the input capacitor

is calculated as
1 21 I; I;
= 2 ( lmaz_ Zin (7? _ i )) . (5.33)
‘/i Wo Wo Wolmaz

The resulting values for the input capacit@y, are shown in Fig. 5.41. It can be seen that
the value needed for limiting the voltage ripple increaséb Wecreasing wind speed.
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This is due to the decreasing frequency resulting in an asing off-time between the
current pulses at low wind speeds. The only exceptions asii@as 1a and 2b where the
switching frequency increases at the lowest wind speeddhfandeeded capacitor will
therefore increase. Position 2b has a higher demand fongthe capacitor since the large
transformer ratio requires a large current on the primatg.si
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(a) Positions 1a, 2a and 3a. (b) Positions 1b and 2b.

Fig. 5.41 Minimum input capacitoC;,, for the LCC converter.

For the output capacitar’,.q, the value is calculated in two different ways depending
on if the output current,, .4 is larger than the peak curreiy,.» of the secondary reso-
nant swing (when the freewheeling diodes are conductindnéninput bridge). In the
calculations ofC,.4, the peak currents,,,, andi,,..» refer to the secondary side of the
transformer, as in (5.34) and (5.35). The results for thewitapacitor are similar as the
results for the input capacitor, a lower wind speeds givegelaoff time and a larger ca-
pacitor is needed, except for positions 1a and 2b where thelsing frequency increases
at the lowest wind speeds.

1 2 imaz Ioa Ioa . .
C(load = 0 ( ! - foad <7T_ l. d )) if ]load > Umazr2 (534)

wo Wo Wolmaz

10 /2, _ 21104 I? 1 1 _ ,
Cload = <_(Zma:c + Imaz2) — Load™ + logd ( . + - )) if Lioad < imaz2
‘/load Wo Wo Wy Ymaz Ymaz?2
(5.35)

The resulting values faf),,; are shown in Fig. 5.42 and the maximum values are summa-
rized for the converters in Table 5/13. Since the largesaciagr needed for maintaining
the voltage ripple below 10 % is at the lowest wind speed, #pacitor can be made
smaller by allowing a larger voltage ripple at low wind spgdd Table 5.183, the capaci-
tor values needed for limiting the voltage ripple at all wspkeds are presented as well
as the capacitor needed to limit the voltage ripple at wireksgg above 8 m/s.
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Fig. 5.42 Minimum output capacito€,,4 for the LCC converter.

Table 5.13: Minimum values for the filter components for ti&d_converters.

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

C; 1830uF 1800uF 1990uF 660uF 1080uF
Cin> 8m/s  1670uF 1610uF 1720uF 560uF 1000uF
Cload 54 uF 88uF 118uF  22uF 11uF

Cloaa > 8m/s  51uF  45uF  71pF  14uF  11uF

5.5.2 Losses in the Series Parallel Resonant Converter

For the resonant converter, no snubber capacitors are chézdehieve soft switching and
justone control strategy is considered. Therefore, thggded the converter is already de-
termined as shown in Table 5.12. The resulting losses ateegdlas a fraction of the input
power in Fig! 5.43 (a) for positions 1a, 2a and 3a and in[ Fig3 %b) for positions 1b and
2b. Also note that the converter for position 3b is the sant@sonverter for position 1b.

The loss distributions for the converters are shown in [Fig4 Sor positions 1a, 2a and
3a and in Fig. 5.45 for positions 1b and 2b. Also, the lossethfaresonant 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 naofisigmt differences for posi-
tions 1a, 2a and 3a. For the group converter the losses drerligy position 2b than for
position 1b caused by higher conduction losses in the sestchhe higher conduction
losses is a result of the lower input voltage due to the hitlaasformer ratio that gives a
higher input current.
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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 conveateitse average wind speed
7.2mls.

Position

la 40.5kwW, 2.14%
1b 169 kw, 1.79%
2a 43.2 kW, 2.28%
2b 257 kKW, 2.72 %
3a 46.7 kW, 2.47 %
3b 169 kW, 1.79 %
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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 convert@ve been determined using the
local wind turbine grid. For all three topologies considErdne converters have been de-
signed for each position in the local wind turbine grid angl ltteses have been calculated
as a function of the wind speed. In this section, both theltgpes and the control meth-
ods are evaluated regarding the losses and need of compo@entments are also made
on how the converters are affected by the wide range of dpgrabnditions in a wind
farm application. Finally, the contribution to the energgguction cost is determined for
the different converters and the different control stregeg

5.6.1 Loss Comparison for the Local Wind Turbine Grid

In Tables 5.15, 5.16, and 5.17, the losses for the conveatershown for three differ-
ent average wind speeds for the fullbridge converter, thglsiactive bridge converter
and the resonant converter. The chosen snubber capagcitbeftullbridge and single ac-
tive bridge converters and the control method for the siagtare bridge converter used is
what was found to give the lowest losses in the design of theearters. It should be noted
that the average transferred power for the mean values 5,47r2/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 tuebamd 5.13 MW,
9.46 MW and 14.51 MW for the group converter. In Fig. 5.46, ldeses are shown for
each position for all three topologies.

Power losses [%0]
|
|
1
<

pos. la pos. 2a pos. 3a pos. 1b pos. 2b
Converter

Fig. 5.46 Converter losses for each position for the average winddspeem/s.

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

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

la C=1puF 27.8kW, 2.71 % 55.3kW, 2.92% 89.0kW, 3.07 %
1b C=1puF 110kw, 2.15 % 192kw, 2.03% 288kWw, 1.98%
2a G=1uF 155kw, 152 % 27.8kW, 1.47% 42.2kW, 1.46%
2b G =1uF 158kW, 3.08 % 305kW, 3.30% 503 kW, 3.47 %
3a C=1uF 16.4kW, 1.60 % 28.3kW, 1.50% 42.4kW, 1.46 %
3b C=1uF 110kW, 2.15 % 192kW, 2.03% 288 kW, 1.98 %

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

Table 5.16: Energy loss for the single active bridge comvsrat different average wind

speeds.

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

la var.freq.C=4.7uF 31.9kW, 3.11 % 60.2kW, 3.18% 93.9kW, 3.23%
1b var.freq.C=4.7uF 257kW, 5.05 % 420kW, 4.44% 608 kW, 4.19%
2a var.freq.C=4.7uF 35.5kW, 3.47 % 63.8kW, 3.37 % 96.6 kW, 3.33 %
2b var.freq.C=4.7uF 163kW, 3.19 % 309kW, 3.27% 483 kW, 3.33%
3a wvarfreq.C=4.7uF 446kW, 435 % 71.2kW, 3.76 % 101.5kW, 3.50 %
3b var.freq.C=4.7uF 257kW, 5.05 % 420kW, 4.44 % 608 kW, 4.19 %

For the single active bridge converter where the lossesuanengrized in Table 5.16, the
converters for positions 3a and 1b has the highest lossetodhe high switching fre-
guency at low wind speeds.

In Table 5.17 it is shown that the resonant converters hawiasilosses for all positions
except positions 2b that has higher losses. This is due tadgheransformer ratio needed
that increases the current on the primary side and thersbytta conduction losses. Also,
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Table 5.17: Energy loss for the resonant converters atrdifteaverage wind speeds.

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

la 209kW, 2.04 % 40.5kW, 2.14% 65.1kW, 2.24%
1b 94kw, 1.84 % 169 kW, 1.79% 254kW, 1.75%
2a 235kW, 2.29 % 43.2kW, 2.28% 67.4kW, 2.32%
2b 138kW, 2.70 % 257 kW, 2.72% 396 kW, 2.73%
3a 25.7kW, 251% 46.7kW, 2.47% 70.7 kW, 2.44%
3b  94kW, 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 grileve the same converter topol-
ogy is used for both wind turbine converter and group comveare shown in Table 5.18
and the results are plotted in Fig. 5.47 for (a) the fullbedgnverter, (b) the single active
bridge converter and (c) the resonant converter.

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

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

1FB 249 kW, 4.86 % 468 kW, 4.95% 733 kW, 5.05%
2FB 236 KW, 4.60 % 452kW, 4.78% 715kW, 4.93 %
3FB 192 kw, 3.75 % 333kW, 3.52% 500 kW, 3.45%
1SAB 417kW, 8.14 % 721kW, 7.62% 1077 kW, 7.42%
2SAB 341kWw, 6.66 % 628kW, 6.64% 965kW, 6.66 %
3SAB 480kWw, 9.38 % 776 kW, 8.20% 1115kWw, 7.69 %
1LCC 199kw, 3.89 % 372kW, 3.93% 580kW, 4.00%
2LCC 256kW, 499 % 473kw, 5.00% 733 kW, 5.05%
3LCC 223kw, 4.35 % 402kW, 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 fullbridgeseder is the control strategy
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Fig. 5.47 Total converter losses for the local wind turbine grid foe tifferent topologies using
control strategies 1, 2 and 3.

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

As well as the losses of the converter, an important issughi®rchoice of converter
topology and control strategy is the required transfornmerthe need for semiconductor
components and filter components. Here, the weight of thesfoamer is considered as
well as the number of IGBT and diode modules needed and thwreelfilter components.

Transformer

The weight of the transformers for the different convertsrgresented in Table 5.19. It
can be seen that the weight of the transformer increasesmeitbased transformer ratio.

Table 5.19: Transformer parameters.

Converter Transformer ratio Leakage inductance Weight

FB la 8.36 20H 2145kg
FB 2a 3.32 20H 1579 kg
FB 3a 3.32 20H 1579 kg
FB 1b 5.48 20uH 7532 kg
FB 2b 14.14 30:H 13831 kg
SAB 1a 7.87 20QH 1906 kg
SAB 2a 7.87 20iH 1906 kg
SAB 3a 7.87 20iH 1906 kg
SAB 1b 13.00 352H 9231 kg
SAB 2b 13.00 352H 9231 kg
LCC la 7.75 92H 3349 kg
LCC 2a 7.75 92H 3592 kg
LCC 3a 7.75 92H 3595 kg
LCC 1b 7.42 31QuH 16929 kg
LCC 2b 13.42 15H 60438 kg

For the fullbridge converter, the converters for positi@das3a and 1b with constant ratio
between the input and output voltage has the lowest weigtiteofransformer. Positions
la and 2b has higher weight of the transformer. For the red@oaverter, the transformer
is a part of the resonant tank resulting in a higher peak gelfar the transformer. The
high peak voltage as well as the high current in the transforgives heavy and bulky
converters.
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Semiconductor Components

The second issue is the number of semiconductor modulesidocdnverters, which is
summarized in Table 5.20. Here, the number of modules widtdreoltage 2.5-3 kV and
rated current 2 kKA are listed. In the cases where the rm1euis significantly lower than
2 kA, it is assumed that there is a module available with a fawenber 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 theenters.

Input bridge Output bridge
Converter position Parallel Series Parallel Series

FB la 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 la 2 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 la 2 5 0.5 15
LCC 2a 2 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 paralteinected and 5 series
connected modules for the wind turbine converters and 2lphcannected and 15 se-
ries connected modules for the group converters. The ordgpions are the fullbridge
converters for position 2a, 3a and 1b with constant voltage where just 1 module is
needed in parallel and for position 2b for all topologies ve@series connected modules
are needed. For the output bridge, just 0.5 diode moduleaesded in parallel for all
converters. For the single active bridge converter andeakerant converters with volt-
age stiff output, 15 series connected modules are needéldefavind turbine converters
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and 75 series connected modules are needed for the grouprtamvor the fullbridge
converter, the current stiff output increases the maximuoitage across the rectifying
bridge and thereby also a larger number of series conneatelé chodules are needed.
This increase is largest for positions 1a and 2b with varyiitage ratio.

Filter Components

When designing the converters, the input and output fillerslasigned to limit the peak-
to-peak ripple in the output and input currents and voltages0 % of the DC values.
The dimensioning was done by approximating the voltagéfiter with a capacitor and
the current-stiff output filter for the fullbridge convertgith 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 odidpert

Converter position C; Cload Lioad
FB la 641uF - 700 mH
FB 2a 97uF - 90 mH
FB 3a 97uF - 530mH
FB 1b 49uF - 2400 mH
FB 2b 360uF - 3800 mH
SAB la 120QuF  28uF -
SAB 2a 120uF  28uF -
SAB 3a 120uF  28uF -
SAB 1b 440uF  10uF -
SAB 2b 440uF  10uF -
LCC la 183QuF  54uF -
LCC 2a 180uF  88uF -
LCC 3a 199uF 118uF -
LCC 1b 660uF 22uF -
LCC 2b 1080uF  11uF -
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5.6.3 Sensitivity to Varying Operating Conditions

For the DC/DC converter topologies studied in this thesis,ftllbridge converter using
phase shift control, the single active bridge converterthrderies parallel resonant con-
verter, previous work have been done considering desigrhoaseds for these topologies.
In this thesis, these converters are studied for the wina fpplication and it is there-
fore interesting to see how the losses of a converter aretatfeby this wide range of
operating conditions. If a converter is designed for a €imglerating point, the losses can
be reduced by choosing a suitable transformer ratio anagtgakductance as well as a
suitable snubber capacitor. However, if the converter sgieed for all operating points
in a wind farm, the losses will be higher at most operatingifgocompared to a converter
designed for only one specific operating point. Here, theeimge in losses due to the wide
range of operating conditions will be discussed for all ¢ni@pologies.

The Fullbridge Converter

The fullbridge converter has a current stiff output and thgpat voltage is proportional
to the duty ratio of the converter for a constant input vadtalgor the converters at po-
sitions 2a, 3a and 1b with constant ratio between the inpditoariput voltage, the duty
cycle is constant and can therefore be close to 0.5 for allatipg points. If the volt-
age ratio is varying, as for positions 1a and 2b, the transomust be designed for the
case with the highest voltage ratio which is the lowest wipeksl. When these converters
are operating at higher wind speeds with lower transformgo rthe duty cycle must be
lower to achieve the desired output voltage. If this corareld compared to a converter
designed for that high wind speed, the converter designedne operating point would
have a lower transformer ratio and also a lower on-stateentifor the input bridge for
the same output current. The higher on-state current facdheerter designed for all op-
erating points will then result in higher turn-off losseattlare proportional to the current
at turn-off and therefore also higher total losses. In Fags6 and 5.17, it can be seen that
converters 1a and 2b with varying voltage ratio have higbssés at higher wind speeds
than converters 2a, 3a and 1b with constant voltage ratsn fkle conduction losses are
higher for positions 1a and 2b since the rms-value of theeotirin the input bridge is
higher. The semiconductor components are conducting altwei off-state, resulting in
large conduction losses in the case of a large current eviea duty cycle is low. It should
be noted that the converters for these positions have 2 a@88 modules connected in
parallel for the switches in the input bridge compared to Hulein parallel for the other
topologies.

The wide range of operating conditions also makes the dedigime snubber capacitor
difficult. For a high wind speed where there is a high curranigarge value is needed

for the snubber capacitor to increase the rise time of theagel and thereby achieve
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soft switching. However, for a low wind speed with lower @ant the snubber capacitor
needed at high wind speed is too large. The rise time of thagelwill then be very slow

and it will also take a long time for the snubber capacitoraallscharged. This will result

in high turn-on losses at low wind speeds as seen in Fig. &i&reby the most suitable
choice will be a small value of the snubber capacitor or ndbeucapacitor.

The variable operating conditions gives a large fractionare losses in the transformer
at low power levels. Since the core losses just are depermtetite voltage applied at
the transformer, the case with low current and high voltagk & high duty cycle gives
a large fraction of core losses. This is most significant fasifions 3a and 1b that have
high voltage levels and high duty cycle even at low wind sgeed

The Single Active Bridge Converter

For the single active bridge converter, the duty cycle ofdbweverter is affected both by
the voltage levels and the transferred power. If the singleebridge converter is con-
trolled using the constant frequency control, a high dutgleys preferable in the same
way as for the fullbridge converter. However, unlike thellftilge converter, the sin-
gle active bridge converter must be designed for the highieat speed with the largest
transferred power. For lower wind speeds, the duty cycletrmadowered to limit the
transferred power. In the case of positions 1a and 2b wityimgratio between the input
voltage and the output voltage, the duty cycle is also latgkealowest wind speed. For
positions 3a and 1b with constant voltage levels, the cusiepe is constant for all op-
erating points for both the positive and negative slopesrdfore a large reduction in the
duty cycle is needed to reduce the power contents in each,pusch should be propor-
tional to the output power. For position 2a, both the input antput voltages are lower
at low wind speeds resulting in a slower increase in the atiinethe leakage inductance.
A slower increase in the current as well as a lower outputgatgives a larger duty cy-
cle at low wind speeds. For positions 1a and 2b with varyipgirvoltage and constant
output voltage, the duty cycle is slightly higher than fospion 2a at low wind speeds
due to the smaller difference between the input voltage hadttput voltage. On the
other hand, the fall time of the voltage is decreased by tlgetasum of the input voltage
and the output voltage resulting in a fairly constant affi¢i except for the lowest wind
speeds. In the same way as for the fullbridge converter, fii@eacy is lowered in the
operating points with a decreased duty cycle compared witbnaerter that is designed
especially for that operating point. The difference is thatdecrease in duty cycle occurs
at low wind speeds with low transferred power compared téutieridge converter where
the decrease in duty cycle occurs at high wind speeds wittga taansferred power. In
Figs.5.29, 5.30 and 5.31 this is shown for the wind turbineveater and the converter for
position 3a has the highest losses for low wind speeds dire tow duty cycle. The same
applies for the group converters where the converter foitipaslb 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 fegmy control, there is an increase
in the frequency which is linked to the decrease in duty cfami¢he constant frequency

control. In Fig. 5.26, it is shown that the switching freqaris increased the most for

positions 3a and 1b where the decrease in duty cycle alsodssigmificant. An increased

frequency results in increased losses as shown in [Figs,5.20 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 offetinetween the resonant pulses
by changing the switching frequency and, similar to the lsiragtive bridge converter,
this off-time depends on both the transferred power and thage levels for the con-
verter. The converters are designed to have zero off-tifidlgiower, and the switching
frequency is decreased at lower power levels to decreaseatm&ferred power. For the
converters at positions 3a and 1b with constant ratio betwee input voltage and the
output voltage, the shape of the resonant current pulseisdme with the same energy
content for all operating points. The switching frequendly then be decreased propor-
tionally to the decreasing power as seen in Fig. 5.40. Faitipos 1a and 2b where the
input voltage varies and the output voltage is constantettexgy in each pulse and the
peak current decreases with decreasing input voltage atviod speeds. The switching
frequency is then higher at low wind speeds due to the destlezsergy in each resonant
pulse compared to positions 1a and 2b. In the case of po&tphoth the input voltage
and the output voltage are decreased at low wind speedsitgamlieven lower energy
content in each pulse and therefore a higher switching &equ at low wind speeds.
From the resulting losses shown in Fig. 5.43, it can be seadrthb losses increase at low
wind speeds where there is a long off-time between the cuprdees. However, the main
disadvantage with the long off-time at low wind speeds ishigh demands on the input
and output filters, and it is also hard to design the filtersafeariable frequency.

119



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

5.6.4 Cost Evaluation

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

Investment Costs

Starting with the investment costs, the costs are estinfatethe different parts of the

converter adding up to a total investment cost. It is assuimatdthe two most significant
contributions to the investment cost are from the transésramd the semiconductor com-
ponents, and the other costs will not be considered.

For the transformer, the cost is estimated using the voluntigeccore and the windings.
The estimation is made that the total cost of the transfoisvice the cost of the core
material and the copper in the windings. As a result, the abite transformers,, ., is
estimated as

Ktrafo =2 (‘/coreK'rcore + VCuKTCu) ) (536)

whereKr.... andKr¢, are the costs for the core material and the copper for theimgsd
perm? andV,,,.. andV,, are the volumes for the core and the copper for the windings.

For the semiconductor components, the cost is the numbeule®times the cost for
each module. Also, the mounting and drive circuit is assutadx included in the prize
of the semiconductor module whereby the total cost for timeic@nductor components
K,.n; can be calculated as

Ksemi = NiaprKriar + Ndiode KT diode - (5.37)

Here, N;cgr and N4 are the number of IGBT modules and the number of diode mod-
ules in the converter anfli r;;gr and Kry,.q4. are the costs for an IGBT module and a
diode module. The assumed cost for a semiconductor modege gi Table 5.23, is for
one semiconductor module and the number of modules are stirethan Table 5.20. The
total cost for the convertek’..,,.,, is assumed to be the sum of the cost of the components
plus 50 % for additional costs. The total cost is then catedldy

Kconv =15 (Ktrafo + Ksemi) . (538)

The cost for each component and the total cost for each cenvare summarized in
Table 5.22. Additionally, the costs for the semiconductadoies and the material prize
for the transformer used in the cost calculations are pteden Table 5.23.
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Table 5.22: Investment costs for the converters and therdifit components.

Converter pos. Kirafo Kemi Keony

FB la 173 kSEK 1520 kSEK 2539 kSEK
FB 2a 127 kSEK 688 KSEK 1222 kKSEK
FB 3a 127 kKSEK 688 KSEK 1222 kSEK
FB 1b 567 kSEK 2676 KSEK 4865 kSEK
FB 2b 1035 kSEK 7416 kSEK 12676 KSEK
SAB la 159 kKSEK 1070 kKSEK 1844 kSEK
SAB 2a 159 kSEK 1070 kSEK 1844 kSEK
SAB 3a 159 kSEK 1070 kSEK 1844 kSEK
SAB 1b 673 kSEK 3750kSEK 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, thardaution from the converter

to the energy production coét.,,, is calculated. There are two parts of the contribution,
the investment cost and the cost for the losses. For thelattou of the contribution
from the investment codt;,,,,, the number of operational hours per year are assumed to
beT, = 24 - 365 = 8760 h. For calculating the energy production cost, first the thalt
energy production for the wind fardy,,,, is calculated as

Kiorm — r(147)N 100
PoutavgTy (1 +7)Ne —1100 — Pr
wherer is the interest ratey,, is the life time in years, Pr is the profit in % aid,; is a
constant. The contribution to the energy production cashfthe investment cost for the
converterE;,,,, can be calculated as

EfaTm = (539)

KCON’U

cost P .
in,avg

Apart from the investment costs for the converter, the coth@losses should be added

Eim) =

(5.40)
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Table 5.23: Semiconductor device and material cost.

Component Cost

IGBT module Kr;ggr 20000 [SEK/st]
diode module K7go4e 9000 [SEKI/st]
Core material Kr.,. 300000 [SEK/M]
Copper Krey 440000 [SEK/m]

to the total cost for the converter. The contribution frora donverter losses to the total
energy production codf,,, can be calculated as

K arm Poss av Poss av
Eloss = C(cost ! loss,avg = Efarm foss, g- (541)

Pimavg Pout,avg Pimavg

The total contribution to the energy production cost is tba@iculated as

Econv = Einv + Eloss~ (542)

Assuming an interest rate = 4 %, a life time N, = 15 years and a profiPr = 8 %,

the resulting energy production cost and the contributfom® the investment cost and
from the cost of the losses are found in Table 5.24 and in/ F#B.5The profit of 8 %
might be underestimated, but since it varies between difteznergy producers, the value
of Pr = 8 % is used in these calculations. Further, the calculatidh@tosts are based
on an average wind speed of 7.2 m/s and that the assumptiotiéhenergy production
cost of the wind farm&,,.,, is 0.5 SEK/kWh. The fact that the resonant converter does
not require snubber capacitors is not considered, but oottier hand a large resonant
capacitor is needed for the resonant converter.

From the figures, it can be seen that the contribution to tleeggmproduction cost from
the losses is similar as the contribution from the investneest for all converters. Re-
garding the investment cost, the cost of the semiconductaponents is dominating for
all converters.

Comparing the different topologies as in Fig. 5.49, it carséen that the fullbridge con-
verter has the lowest contribution to the energy produatmst for positions 2a, 3a and
1b while the resonant converter has the lowest contribdtioposition 1a. For position
2b, the single active bridge converter has the lowest dautian to the energy production
cost. Using the topologies with the lowest cost, the countidn to the energy produc-
tion cost from he converters in the local wind turbine grié ahown in Fig. 5.50 and
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Table 5.24: Contribution to the energy production cost feanh converter.

Converter pos. E;,, [SEK/IKWh] E,,.; [SEK/KWh] E.,,.., [SEK/KWh]

FB la 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 la 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 la 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 contributidhe energy production cost,
and control strategies 1 and 2 have a higher contributiohgcehergy production cost.
It should also be noted that the converter adjusting thegeltevels (at positions 1a and
2b) are the converters with the largest contribution to tiexgy production cost. With the
assumption that the energy production cost for the wind farth5 SEK/kWh, the con-
tribution from the converters in the local wind turbine giscabout 0.0304 /0.5 =6.1 %
of the total energy production cost.
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Contr.to energy prod. cost [SEK/KWh]
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Fig. 5.50 Total contribution to the energy production cost for thewesters in the local wind
turbine grid using the economically most favorable corarert

Table 5.25: Total contribution to the energy productiont ¢osthe converters in the local
wind turbine grid using the economically most favorableweoter.

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

Comparison With an AC Transformer

The DC-based wind farm has the main advantages of using D€scabd smaller medium
frequency transformers compared to the AC based wind faahubes AC cables and
large 50 Hz transformers. Here, a comparison is made betav&@/DC converter and
a DC/AC converter with an AC transformer for a wind turbineneerter. For example,
consider the converter for position 3a, which is the windbitue converter with constant
voltage levels. In Fig. 5.51, the components in the windihetare shown both for a tur-
bine with DC output voltage and for a turbine with an AC outyoitage.

Wind turbine with DC output

I Mechanical G AC DC :
| system DC DCI—

l Mechanical G AC DC
system DC AC

Fig. 5.51 Wind turbines with DC and AC outputs.

From the figure, it can be seen that the two systems have the samponents in the
generator and the rectifier. The difference is that for tteeagith a DC output there is a
DC/DC converter including a medium frequency transformstead of the DC/AC con-
verter and the 50 Hz transformer for the case with the AC duffhe large difference in
contribution to the energy production cost between the DC¢Dnverter and the DC/AC
converter including the transformer is the investment.dést the cost of the semicon-
ductor components, the DC/AC converter has three conviegsrinstead of two for the
DC/DC converter so the cost for the IGBT modules are highgrthere is no rectifying
bridge. Therefore the cost for the semiconductor compa@risrassumed to be similar for
the DC/DC and the DC/AC cases.

The main difference in investment costs is the cost for thesiormer. For the DC/DC
converter (assuming that the fullbridge converter is ustéat) transformer for the has a

weight of 1579 kg (for core material, windings and insulaji@and the corresponding
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weight for the DC/AC converter is 12968 kg. Regarding théedénce in investment cost,
the DC/DC transformer with a steel core has a cost of 127 kSBKewhe 50 Hz trans-

former with a steel core has a cost of 1039 kSEK. The increasevestment costs will

increase the contribution from the converter to the totakgyproduction cost with about
0.0076 SEK/kWh. If the losses for the DC/AC converter inahgthe 50 Hz transformer
is 2 % (38 kW), the reduction in energy production cost duéhtolbwered losses com-
pared to the 55 kW for the fullbridge converter is 0.0045 S8&h. The total increase
in energy production cost if the DC/AC alternative is usethen 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 obvioudtresthe low efficiency and
and the resulting high contribution to the energy produrctiost of the single active bridge
converter. The fullbridge converter and the resonant coewbave comparable efficiency
and therefore other factors will determine the choice obtogy. The fullbridge converter
has a constant switching frequency, and a current stiffldwgmich requires a large filter
inductance. A lower number of IGBT modules is required fag fallbridge converter
than for the resonant converter, except for positions laZnahere the numbers of
IGBT modules are the same. However, a larger number of dicatiutes is required for
the rectifying bridge in the fullbridge converter. Regaglthe size of the transformer, the
fullbridge converter has a smaller and less heavy trangothan the resonant converter.
For the resonant converter, there is also an additional coet in the resonant capacitor
that must have a high voltage and current rating. The outptiteoresonant converter is
voltage stiff, requiring a large filter capacitor, and thaida 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 abdity of additional compo-
nents such as the filter capacitance and the resonant eapacithe resonant converter
and the filter inductance for the fullbridge converter. Ehisralso a trade-off between the
more heavy transformer for the resonant converter and tgerdaumber of diode mod-
ules needed for the fullbridge converter. Further, themasbconverter has a number of
disadvantages such as the high peak voltage, the largeargstapacitor, the large trans-
former and the variable frequency control. These factoligyivie a larger investment cost
and then probably result in the fullbrige converter as tip@kogy with the lowest contri-
bution to the energy production cost.

When comparing the control strategies, control strategyshe highest losses due to the
low efficiency of the converter for position 2b both for thdllbuidge converter and the

resonant converter. Also, the fullbridge converter haggé humber of diode modules in
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Chapter 5. Design for the DC/DC Converters as Wind Farm Corapis

the output bridge for position 2b and both topologies haveaf transformer. Control
strategy 1 has just slightly lower losses and there are lasges in the converter at po-
sition 1a. The lowest losses are obtained by using contralegty 3 with the fullbridge
converter. However, it should be noted that for controltetyg 1, a diode rectifier gives a
variable voltage and for control strategy 3 an IGBT rectifjimes a constant output volt-
age.

It has also been shown that it is hard to find a suitable tufsimiibber capacitor that
lowers the turn-off losses but does not cause any addittamalon-losses, and the result
have been no snubber capacitor or a snubber capacitor witv adlue. One way of
making the use of a larger snubber capacitor possible isjtsithe voltage level in the
local wind turbine grid so that the ratio between the curad the voltage is constant
at all operating points. If the voltage level has the sam&tian in the whole local wind
turbine grid, then all converters can have a constant dutieoyhich gives low losses
for the fullbridge converter. However, if a constant vokag required for the HVDC
transmission, the last converter must compensate for ttegeovariations. This converter
will then be similar to the converter at position 2b which éakty and has a low efficiency.
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Chapter 6

Experimental Setup

In Chapter 5, the fullbridge converter, the single activddpe converter and the series par-
allel resonant converter were studied and the losses wekn@ai@d for the application in
a DC based wind farm. It was found that the fullbridge coreteig an appropriate choice
for this application with low losses, low peak values for tugrent and voltage and low
investment cost. For the verification of the results fromdimulations and calculations
of the losses, a down scaled experimental setup of the iddjerconverter using phase
shift control was constructed, which will be described iis thapter.

The purpose of the experimental verification is both to yetiife resulting waveforms
from the simulations and to investigate the losses for gifie operation points. First,
since the loss calculations are based on the voltage anehtuvaveforms obtained from
the simulations, the waveforms from the ideal simulated ehagle compared with the
measured waveforms. Then a refined simulation model ismddahat gives a more de-
tailed representation of the experimental circuit. Fipdte losses are compared for the
measurements and for the calculations from the simulatotisthe ideal model.

6.1 Design of the Fullbridge Converter

The design of the fullbridge converter aims to construct\rdecaled converter suitable
for tests that can be compared with simulations. It shoulthlige enough to have sim-
ilar characteristics as the full scale converter, but ondtier hand it should be small
enough to be realized using the existing laboratory equipnidne resulting converter is
described in detail in [60] and will here be presented brigflphoto of the experimental
setup is shown in Fig. 6.1.

The power rating of the converter is 15 kW with an input vo#tad 300 V and an input
current of 50 A. The transformer of the converter has therktl, which gives the maxi-
mum theoretical output voltage of 300 V. In reality, the autyoltage is slightly lower due
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Input
capacitor

Output
Diodes capacitor
Transformer Output

inductor

Fig. 6.1 Photo of the experimental setup.

to losses in the converter. The main components of the ctanvare the IGBT modules
for the input bridge, the diode modules for the rectifyinglge, the transformer, the filter
inductance and the control system. Additionally, thereaangliary components such as
the driver circuits, the measuring system, the cooling dedpower supply to the aux-
iliary components. These different components will be axmd briefly in this chapter
and, in addition, more information about the experimergalig can be found in [60].

6.1.1 Semiconductor Components

The IGBT modules used in the input bridge are the SemixS3A28B modules from
Semikron with rated voltage 1200 V and rated current 320 AdAge circuits for the
IGBT modules, twaSkyper? 32Pro from Semikron are used. They are mounted on the
corresponding evaluation boarBgal uationBoard1Skyper " 32Pro.
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6.1. Design of the Fullbridge Converter

For the rectifying bridge the SGS - ThomsonMicroelectreri T230PI1V - 1000 mod-
ules are used with a rated voltage of 1000 V and a rated cuf&tt A. However, using
the rectifying bridge without over-voltage snubbers resinl large oscillations at turn-off
close to the maximum voltage for the diodes. To reduce thes@lations RC-snubbers
are inserted across each diode with the values BO2 and C = 2.8 nF.

6.1.2 Transformer

The transformer used is a custom-made transformer witlsfibamation ratio 1:1 which
can be seen in Fig. 6.2. From the measurements of the tramsfaoltage and current,
the stray inductance is determined to;48 and the main inductance to 14 mH. Further,
the core material is the iron based magnetic alloy 2605SA fiMetglas. However, it
should be noted that the core material is no-field anneallandiven data for core losses
in the data sheet is based on a core with longitudinal fielgahn

B A S

Fig. 6.2 Photo of the transformer.

6.1.3 Filter Components

As the input capacitor, Bifa Elyt Long Life PEH169UV439AQ capacitor is used with the
capacitance value of 39Q0F. In the output bridge, Bifa Elyt Long Life PEH169UV4330Q
capacitor with 3.3:F is used. Since the fullbridge converter requires a cwséfitoutput,
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the output filter inductance needs to be large, especiailyesine switching frequency is
as low as 1 kHz. The inductance chosen was an existing faeelisty 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 circuitSjrmulink/MATLAB file is used
where the control signals are generated from the phasedgté@tmined by the user. Fur-
ther, the control signals are connected to the drive csouid a dSPACE DS1103 con-
troller board and two additional cards for obtaining théatigoltage levels for the control
signal to the drive circuits.

The measurements for the circuit are done in two differeyspaither by an oscilloscope
or by using a measuring card and feeding the measured sigaeitso the dSPACE sys-
tem. The dSPACE system has the drawback of a limited bandwidte the sampling
time is 50us, and therefore, the high-frequency signals are measuitedive oscillo-
scope. However, the input and output voltages are measutiedhe dSPACE system via
a voltage transducer card. In the same way, the input andibotprents are measured
using LEM-modules and a measuring card, described in [6Qgther with the dSPACE
system.

6.2 Measured and Simulated Waveforms

The resulting waveforms from the simulations of the idealdeicof the experimental
setup are compared with the measured voltage and curreffovens. The ideal model
used in the simulations is shown in Fig. 6.3.

L\oad

Cload == Rload[] Vload

Fig. 6.3 Ideal simulation model for the experimental converter.

In the ideal simulation model, ideal switches are used aaddmponents considered are
the input capacitor, the leakage and main inductances dfaneformer and the induc-
tance and capacitance for the output filter. The load resistés the same as the load
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6.2. Measured and Simulated Waveforms

resistance in the experimental setup. In Fig. 6.4, the iapdtoutput voltages and cur-
rents are shown both for simulations and measurementsndfid.i6.5 the voltages and
currents for the transformer are shown.

S 200 <
2 90000HPDNOO000OONOP0000000P0O0000000000 =
8 150 = o
o 101
~ 100 = Ve || © & | exp
- Vloa\d_exp 5| - IIoad_exp |
50 — Vi, sim L — :in sim
T Vloa\dS”TI - IoadSlm
0 : : : 0 : : :
0 0.5 1 1.5 2 0 0.5 1 15 2
Time [ms] Time [ms]
(a) Voltage. (b) Current.

Fig. 6.4 Ideal simulated and measured input and output current atageowaveforms.
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Fig. 6.5 Ideal simulated and measured current and voltage waveffamntise transformer.

In the figures, it can be seen that neither the input and owtgtage nor current levels
show any significant differences between the simulatiodshe@ measurements. The no-
ticeable difference is the higher output voltage and curfi@rthe ideal simulation model
due to the lower losses in the ideal model. Regarding thesfivramer, the voltage levels
are similar for the simulations and the measurements, lauetare 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 vehni&y the simulation model
provides current and voltage waveforms good enough forda&sulations. Looking at
the input current and voltage, the values match betweenitmelaions and measure-
ments giving accurate conditions for the diodes and swatahéhe input bridge. For the
output diodes, both the current and voltage levels aretyfigigher since the output cur-
rent and voltage are higher in the ideal simulation, but $hisll change of about 1.5 %
does not add a significant error in the loss calculationsaRkgg the losses in the trans-
former, the transformer current is slightly higher whiclag higher copper losses but
since the voltage waveforms are the same, there should ratybsignificant difference
in the transformer losses. The conclusion is thereforettiesimulated waveforms are
good enough for loss calculations, even though the curieritee output bridge and the
transformer most likely are slightly overestimated in thewdations.

6.3 Refined Simulation Model

As seen in the previous section, there are some differeret@gebn the results from the
ideal simulation model and the measurements. To achiever@ acourate representation
of the experimental setup, a refined simulation model waaiogtl for the experimen-
tal setup. In this non-ideal simulation model, some lossmaments are included in the
circuit. The ideal simulation model is modified by adding fideal switches, and also
including the resistances of the transformer and the odifpert Finally, the resistances
across the input and output capacitors are added. The addisthnces can be seen in
Fig./6.6 and the values of the components are shown in TalileF6ér the resistances
Rcin, and Rei0ad, the values are known and for the transformer and the filsuwgtance,
the resistance value;, and R;,;,.q are measured at 1 kHz for the transformer and at
DC current for the filter. However, the value of the resistafar the filter inductance is
increased from the measured 37.€@ o 50 nt2 for obtaining the AC resistance.

RL\oad Lload
—_———

-

\ Ds D,
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g |
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Zf Ds /\ Dsg

Fig. 6.6 Non-ideal simulation model for the experimental converter
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The IGBT module used in the experimental setup is not avaiialithe Pspice library, in-
stead the similar POWEREX IGBT module CM400HA-24H is usduk Tesulting wave-
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Table 6.1: Calculated losses for the simulated circuit.

Component Resistance

Rein 47 kO
Rcioad 10 k2
Ry, 72 mQ2
RrLicad 50 nt2

forms for the input and output current and voltages show gnifitant difference from
Fig. 6.4, but for the transformer the currents follow the m&ad 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 wawsffor the transformer.

Even though it is not clearly visible in the figures, the ndeal simulation model results
in a lower output voltage, which is 0.3 % above the measur&tevaompared to 1.5 %
above the measured value for the ideal model. It can also e iseFigs! 6.7 that the
simulated current and voltage waveforms closely followrtiteasured values.
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6.4 Loss Calculations

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

6.4.1 Losses in the Semiconductor Devices

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

For calculating the on-state conduction losses, the vadfiese voltage drop over the
components as a function of the on-state voltage are givéreidata sheets. The on-state
voltages for the IGBT modules and the diode modules are shmwig. 6.8 as a function
of the forward current. The on-state voltage for the IGBT mied/-x is obtained from
the forward currenf- as

Vor = 0.53 4+ 0.020615 — 8.56 - 107°I2.. (6.1)

The forward voltagé/; for the diode is calculated from the forward curréptas

Ve = 0.92 4+ 0.01491p — 6.10 - 10~°I3. (6.2)

Also the forward voltagé’s ;s for the freewheeling diode in the IGBT module is cal-
culated as a function of the forward curreipt;czr as

Verapr = 0.73 + 0.01801pcpr — 6.11 - 10717 1oy (6.3)

The instantaneous conduction losses are then given by

P.=Veglc + Velp + Veiaerlriasr, (6.4)

and the average conduction losses are given the averageoxsuone switching period.

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

Wiy W iy

E, = ESRon—~— + ESROff—

W (6.5)
‘/ref lref ref ref

136



6.4. Loss Calculations
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Fig. 6.8 On-state voltage®x for the diode module ant for the diode module.

Here, L, is the actual switching loss at curreptand voltagé/y,, andEsg,,, = 20m.J and
Esron = 30mJ are the rated switching energies at the curéent= 150A and voltage

Vrey = 600V. The switching losseB;,, are then calculated as the switching energy times
the switching frequency as

Psw = Esfs> (66)
and the total semiconductor losses are then given by

Psemi = Iow + Pc~ (67)

Table 6.2: Calculated losses for the semiconductor devices

¢ Pe Poy  Poem

1 160W 25W 185W
0.8 117W 21W 139W
06 71W 16W 87W
04 38W 11W 49W
0.2 14w O5S5W 19W

6.4.2 Losses in the transformer

The transformer losses are described in Chapter 3 and t®w$isopper losses in the
windings and core losses.
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For calculating the copper losses, the resistance of thdimgs are measured in a short-
circuit test to find the resistance of the windings at theagstand current waveforms
used in the converter. The total ac-resistance of the wgsiwere found to be 72 ¢
Assuming that the resistances of the primary and secondawginvgs are equal, the ac
resistance is,,; .. 36 M for the primary winding andi,... .. 36 m2 for the secondary
winding. The losses in the winding, are then given by

2
Pw = Pw,pm' + Pw,sec = Rpri,acl

pri

+ 17:{sec,ac]2

sec’

(6.8)

For obtaining the core losses in the transformer, the nddasses for the converter were
measured. Since there is no load current, there are no lostesoutput filter or the out-
put diodes. The additional losses except the core losseékddransformer are the losses
in the resistance across the input capacitor and the lossée iIGBT modules. When
these two loss components are subtracted from the totadptse remaining losses are
the iron lossed’.,,. of the transformer. These losses were measured to 43 W aluiyll
cycle and were assumed to be proportional to the duty cydie.réason for not using
measured values at lower duty cycles is that the currenteaetbperating conditions is
very small and it is therefore hard to measure with good aayur

The losses in the core are also calculated as described pteZlzbas

Prore = K,46.7 - 103 f151 L1y (6.9)

max

The constant, used in[(6.9) is a compensation for the no-field anneal coeel s
transformer in the experimental setup. In the data shegh®core material, the losses
are given for the longitudinal field anneal which gives cdesably lower losses. To find
a value of the constarit,, the B-H curves were studied for the longitudinal field arinea
and the no-field anneal. Assuming the maximum flux densityfpvéhich is the case for
full duty cycle at 300 V, the area covered at no-field anned& js= 2.78 times the area
covered at longitudinal field anneal. From the resultingéssin Table 6.3, it can be seen
that the resulting core losses from the calculations aghti lower than the measured
values, with a deviation of 20 % for full duty cycle.

The core area isl.,,. =18 cnt, the core volume i$’,,,. = 990 cn? and the number of
turns were measured t8,,; = N,.. = 78. The resulting core 10Ssé%,,. ... are shown

in Table 6.3 together with the measured core 10938S ,cqs-

The losses in the windingB, are also shown in Table 6.3 and the total transformer losses
P,,., that are the sum of the core losses and the losses in thengsdalculated as

Ptr = Leore T+ Pw- (610)
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Table 6.3: Calculated and measured losses for the transform

¢ Py Peorecale  Peoremeas By,

1 76 W 35W 43W 119W
08 45W 28 W 34W  79W
06 19W 19w 26W 45W
04 O6W 11w 17w 23W
0.2 06W SW 9W 10W

In Table 6.3, the core losses included in the total transéorimsses 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 duegodsistance in the windings.
This resistance was measuredig,,,; = 37.6 m§2 DC-resistance and since the dimen-
sion of the wire is not known and the core losses are not cersil the AC-resistance
at 1 kHz is assumed to by, = 50 m2. The losses in the output filté?y;;., is then
calculated using the filter current; . as

Pfilter = RLload]filter- (611)

6.4.4 Losses in the Blide Resistances

The last contribution to the losses that is considered isab®esP,;; . in the resistances
Rein = 47k Q andRoi0aq = 10k Q across the input and output capacitances. These losses
are calculated using the input voltaggand the output voltagg,,.q as

2 2
Vd V}oad
+ .
Rcin  Rcioad

Prlide = (6.12)

6.4.5 Loss Evaluation

The calculated losses for the different components in tloelitiare summed up and com-
pared to the measured total losses in the converter. ThHeptieer loss for the circuit is
calculated using the measured values of the input and oatprgnt and voltage. Using
these measured values, the los$gs. .., are calculated as the difference between the
input power and the output power as
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lDloss,emp = Pm - Pout = ‘/dlzn - ‘/loadlload- (613)

The different calculated loss components for the convareeshown in Table 6.4 and also
in Fig.[6.9. The sum of the calculated losses are compardwtmeasured total losses in
Table 6.5 and Fig. 6.10.

Table 6.4: Calculated losses for the simulated circuit.

¢ Psemi Py Priger  Puide — Sum of losses
1 185W 119W 61W 10W 375W 3.69%
0.8 139W 79W 40W 7W 265W 4.04%
06 87W 45W 22W 5W 160W 4.30%
04 49W 23W 10W 3W 84W 510%
0.2 19W 10W 2W 2W 33W 7.92%

Table 6.5: Measured and calculated losses for the expetangrcuit.

10) Measured losses Calculated losses
1 383W 3.76% 367W 3.61%
0.8 280W 4.27% 259W 3.95%
06 162W 436% 153W 4.77%
04 87W 528% 79W 4.74%
02 45W 1066% 29W 6.97%

It can be seen that the largest loss contribution is from #@miconductor components
that contribute with more than half of the losses. The sedargkst source of losses is
the transformer. For this converter, also the filter indacéacontribute with a significant
amount of losses. This is due to the filter design that was pbinized, but instead an
existing inductance was used. Comparing the calculateg$omith the measured losses,
the calculated losses are similar even though the measassed are slightly higher. This
it not surprising since just the large loss components andlhlmss 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 tsuneel losses, it can be seen

that the main loss contributions were identified. Also, temmgonductor losses and the

transformer losses contribute to just above 80 % of the tafallated losses. Due to this,
the loss calculations in Chapter 5, where the losses frorsgh@conductor components

and the transformer are considered, gives reasonablesvaluere the two main sources
to the total losses are considered. The calculated valuiege acfemiconductor losses and
the transformer losses agrees with the measured valuedaraldre also the results in
Chapter 5 should be valid. The only exception is the core natior the transformer
where the correct losses for the material are not availdioiiefor the steel core used in
Chapter 5 there is available loss data.

Comparing the efficiency of the experimental converter fligive about 3.5 % for input

voltage 300 V to the efficiency of between 2 % and 3 % for the fgtver converters in
Chapter 5, it should be noted that the difference is due ttotheoltage level. The IGBT
and diode modules are rated for 1200 V and 1000 V but the ingtage is 300 V. Due to
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the low input voltage, the current must be high in order toease the power transfer and
that will result in high conduction losses due to the highstate voltage drop for the com-
ponents. For the high-power converter in Chapter 5, theagelacross the 3.3 kV IGBT
devices is approximately 1.7 kV and the on-state voltagp dr@pproximately twice the
on-state voltage drop for the component in the experimesetalp. The conduction losses
will benefit from a high voltage and low current, and even with same ratio between
the current and the voltage a high voltage level, the rattavéen the input voltage and
the on-state voltage increases leading to a higher effiziéiso, the losses decrease with
decreasing duty cycle since the current is lowered but thage stays constant.
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Chapter 7

Conclusions and Future Work

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

7.1 Summary and Concluding Remarks

In this thesis, three topologies of DC/DC converters aréuaad regarding their suitabil-
ity for the application in a DC based wind farm. The energycedficy and the contribution
to the energy production cost of the converters, the fullipgiconverter, the single active
bridge converter and the series parallel resonant comyare considered as well as the
need of components. As stated in Section 4, the considessédaare the losses in the
transformer and in the semiconductor components. Additilmsses as the losses due to
the cooling system, drive circuits and losses in the inpdt@utput filters are assumed to
be similar for all topologies and are therefore not congdel he resulting losses should
therefore be seen as a comparison between the differeriotpes more than an absolute
value.

In Chapter 5, the operating conditions are obtained for tBéC converter in a local
wind turbine grid consisting of five wind turbines. These @pi@g conditions are used
for designing the converters for all positions in the localavurbine grid for three differ-
ent control strategies. Knowing the designs of the convartd the operating conditions,
the losses are calculated as a function of the wind speedavérage power loss for a
certain average wind speed is obtained by integrating ¢xeeptobability distribution of
the wind speed.

Itis found that the resonant converter and the fullbridgeveater have the lowest losses of
the three types for the DC wind farm application with abow©.2.47 % power losses for
the resonant converter and about 1.47 - 2.92 % power lossésefdullbridge converter.
The single active bridge converter has the highest losseallfpositions and operating
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points with 3.18 - 4.44 % losses. Since the fullbridge cotreand the resonant con-
verter have similar efficiencies, other factors will deterenthe choice of topology. The
resonant converter requires a larger transformer and n@Bd Imodules, and therefore
the contribution to the energy production cost is lower fog fullbridge converter than
for the resonant converter for some positions in the locabwurbine grid, even though
the losses are higher. Further, the fullbridge convertertha advantage of a constant
switching frequency, a less heavy transformer and also leak yalues for the voltage
and current. The resonant converter has almost no switébssgs but has a larger trans-
former, it requires a resonant capacitor with high currert woltage rating and also has
large stresses for the input and output filters at low powesi¢e Also, the fullbridge con-
verter has a current stiff output which requires a largerfittductance while the resonant
converter has a voltage stiff output which requires a larger ftapacitor. Regarding the
control strategies, control strategy 3 (with constantagyt levels) using the fullbridge
converter as the wind turbine converter and the resonawnectan as group turbine is the
choice with the lowest losses, which is 3.29 % including thesés for both the wind
turbine converters and the group converter. Control ggyafe(with voltage adjustment
in the group converter) has the highest losses which is 4. 840 the low efficiency
of the converter for position 2b. Control strategy 1 withtagle adjustment in the wind
turbine has total losses of 3.93 %. For the choice of contrategy, also the rectifier
used together with the generator should be considered.drtrat strategies 1 and 2, a
diode rectifier gives a variable voltage and for controltsggg 3 an IGBT rectifier gives a
constant output voltage.

The lowest contribution to the energy production cost iggity using control strategy
3 with the fullbridge converter that contributes to the t@&mergy production cost with
0.0306 SEK/kWh Moreover, the resonant converter will hadésadvantage of the large
resonant capacitor, extra insulation due to the high petikg®, large filters and also the
variable frequency control. These factors will lead to anréasing investment cost for the
converter and thereby make the fullbridge converter a Blgitehoice for the wind farm
application.

The experimental results verified that the current and geltaaveforms from the ideal

simulations agree with the measured waveforms for theridilfe converter and are there-
fore appropriate to use in the loss calculations. Further]dsses were identified for the
experimental setup and the calculated losses agree withe¢lsured losses.
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7.2 Proposals for Future Work

In this thesis, the DC/DC converter is studied that is a keymonent for the realization
of a DC based wind farm. To further study the DC based wind $atime properties of a
DC grid should be studied including the DC/DC converters.dehieving that, one of the
topologies should be chosen and a dynamic model should aeebtfor that converter.
Then, a model of the whole wind farm including wind turbineshles, DC/DC converters
and an HVDC connection should be used for the investigations

There are some interesting aspects to investigate for thed3€d wind farm:

e How the DC grid should be controlled during normal operattmyth with and with-
out communication between the different parts of the grid.

e How the internal DC grid should be designed, including ce@€ voltage levels,
the need of auxiliary power and how the system should be giedin

e How the wind farm can handle faults, both internal faults edd-through proper-
ties in the case of a fault in the grid.
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