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Göteborg, Sweden 2003





Technical Report

Performance comparison of wind park
configurations

Stefan Lundberg

Department of Electric Power Engineering
CHALMERS UNIVERSITY OF TECHNOLOGY
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Abstract

In this report, layouts of various large-scale wind parks, both AC as well as DC, are
investigated. Loss modelling of the wind park components as well as calculations of
the energy capture of the turbines using various electrical systems are performed, and
the energy production cost of the various park configurations is determined.

It was found that from an energy capture point of view, the difference in energy
production between various wind turbine systems is very small. In addition, a study of
the suitability of various DC/DC-converters is made. Three DC/DC-converters, Boost,
Full Bridge and Full Bridge Isolated Boost, are found to be interesting candidates as
the ”transformer” component in potential DC-based wind parks.

Of all the investigated wind park configurations, the wind park with the series
connected DC wind turbines seems to have the best potential to give the lowest energy
production cost, if the transmission distance is longer then 10-20km.
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Chapter 1

Introduction

1.1 Problem background

Wind energy converters are becoming larger and larger and more and more erected
in groups rather than one by one. Today wind farms up to a size of 160 MW are
being built and several plans on 1000 MW-parks exist. These larger wind parks are
mainly considered to be located out in the sea, preferably at such a distance that
they cannot be observed from the shore. The size of the wind parks has led to a
problem of finding a suitable grid connection point, which is strong enough to take
care of the power from the wind parks. This leads to that in many cases the distance
between the grid connection point and the wind park is so long, that a DC-transmission
may become more favorable than a conventional AC-transmission. This is due to the
well known problem with capacitive current generation of AC-cables, which makes the
possible length of an AC-cable limited. This is further stressed by the fact that it is
extremely difficult to get permission to build new over-head lines, and therefore it must
be taken into consideration that it might be necessary to use DC-cables also for the
land transmission.

All of this lead to interesting issues like: When is DC-transmission more feasible
than AC-transmission? If DC is used, how far down in the wind park can we have
DC? How should DC/DC converters be designed? How should large-scale parks be
designed?

1.2 Overview of previous work

Wind park design studies have been presented in several papers, for instance [2, 24, 26,
31, 42, 43, 45, 54]. The most detailed study was made by Bauer, Haan, Meyl and Pierik
[6]. In [30] some interesting DC solutions for offshore wind parks are presented and
especially the proposal of a wind park with wind turbines connected in series, is of great
interest. The energy production of various wind parks is calculated in [31, 39, 47], and
in [24, 31, 44, 47, 49] the estimated cost of the produced electric energy is presented.
In [5] the economics of some offshore wind farms that are build and are planned to be
built, are presented.

Of importance when determining the energy capture is to have detailed blade data
as well as detailed loss models of components. Relevant blade data is not trivial to
obtain, but previous authors have most likely used the same method as here: By
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not revealing the origin of the blade description, it is possible to obtain such data.
Generator loss models has for instance been presented in [22, 44], gear-box losses have
been found in [22]. However, available loss models of existing high power DC/DC-
converters are very crude.

Cost data is another large problem area. Here the same principle seems to be
dominant: Data can be obtained providing that the sources are not revealed. However,
in [10, 32, 38, 47, 49] valuable cost information is given which can be utilized.

Energy capture calculations of wind turbine systems and wind farms is a subject
in which it is possible to find much information in the literature. However, detailed
comparisons between different electric generating systems for wind turbines are not so
common. As a part of the present work article [36] was published where a detailed
comparison between electric generating systems for wind turbines was studied.

1.3 Purpose of the report

The purpose of this report is to investigate the energy capture and energy loss of
different wind park configurations and also to compare the energy production cost of
the configurations.

1.4 Layout of report

In chapter 2 the six different wind park configurations that are investigated in this
work are presented. Some of the general boundary conditions are presented in this
chapter also.

In chapter 3 the principle of converting kinetic energy of the air flow through the
rotor disc to mechanical power on the wind turbine shaft is explained.

In chapter 4 different wind turbine systems are investigated, both AC and DC
systems. The energy capture of the different wind turbine systems are compared in
order to make the selection of which wind turbine system that shall be used in the
study of the wind parks.

In chapter 5 the energy production cost of the six wind park configurations are
shown for some different cases. The energy production cost of the configurations are
compared and the wind park selection is discussed depending on the transmission
distance and the rated power of the wind park.

In chapter 6 the conclusions are presented.
In appendix A different DC/DC converter topologies are investigated. The inves-

tigation focuses on choosing the DC/DC converter topology that utilizes the semicon-
ductors best.

In appendix B the loss models of the components in the wind park are derived.
In appendix C the cost models of the components in the wind park are presented.
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Chapter 2

Wind park configuration

In this chapter, the different wind park configurations that are investigated in this
work are described. The boundary conditions for the investigation are explained and
the different transmission systems are described.

2.1 General wind park layout

Generally, the wind parks investigated in this work can be represented by the sketch
presented in figure 2.1. As seen in figure 2.1 the wind park consists of a number of

WT WT WT WT

WT WT WT WT

WT WT WT WT

WT WT WT WT

collecting

point

wind farm

grid

interface

PCC

local wind turbine grid

transmission system

electro-

mechanical

drive train

voltage adjuster

wind turbine

Figure 2.1: General wind park layout.

elements, wind turbines (WT), local wind turbine grid, collecting point, transmission
system, wind park interface to the point of common connection (PCC). It shall be
noticed that all wind turbines in this work have a voltage adjusting unit (AC or DC
transformer) included in the wind turbine unit itself. The local wind turbine grid
connects the wind turbine units to the collecting point. The wind turbine units are
connected in parallel to radials, unless otherwise is specified in this work. In the
collecting point, the voltage is increased to a level suitable for transmission. The energy
is then transmitted to the wind park grid interface over the transmission system. The
wind park grid interface adapts the voltage, frequency and the reactive power of the
transmission system to the voltage level, frequency and reactive power demand of the
grid in the PCC.
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2.1.1 Rated power of the wind park, Number of turbines

The size of the wind turbines has in this project been selected to 2MW, since these
turbines are available for all kinds of wind energy systems today. However, it should be
pointed out that the main results of this study would most likely not be very different if
another turbine size would have been selected. Almost all wind turbines considered in
this work has a rated generator voltage of 690V. Most likely, the generator voltage will
be increased when the rated power of the generator is increased in order to decrease
the losses. For example NEG Micon has chosen 960V in their 2MW wind turbine [34].

This work focuses on four sizes of wind parks

• 60MW

• 100MW

• 160MW

• 300MW

Although most wind parks today are much smaller then 60MW, 60MW is used as
a small wind park here. Horns Ref is one example of a 160MW offshore wind park
14 − 20km out of the west coast of Denmark [4]. It is today (2003) the largest built
sofar. No larger wind parks than 300MW is taken under consideration in this work due
to the fact that if a larger wind park is going to be build it will probably be divided
into smaller modules, where a maximum module size of 300MW seems appropriate.
Two advantages using modular building of wind parks are, that the investment cost of
the whole wind park is spread out over a longer period and that part of the production
can start before the whole park has been built. Another advantage of this division is
that if cross connections between the modules are made, the park can be more fault
tolerate.

2.1.2 Distances between the wind turbines

In this work the wind power plants will be placed in a grid with 7 rotor diameters
between the turbines in both directions. This seems to be a commonly used distance
and at Horns Rev the distance is 7 rotor diameters [4]. The distance between wind
turbines in the wind direction can not be too small. This is due to the fact that when
the wind passes through the rotor of the wind turbine it gets very turbulent and the
wind speed is decreased. This means that if the wind turbines are located to close to
each other, the wind will be more and more turbulent after it passes each wind turbine.
This would lead to that wind turbines downstream in the wind park, are subjected to
aerodynamical stresses, may even have to be shut down due to that the mechanical
loading gets to high during difficult conditions. In addition, the energy losses due to
the reduced wind speed will be significant if the wind turbines are put to close to each
other. The minimum length to avoid this is approximately 5-7 rotor diameters.

Of course, if the wind is mainly coming from one direction, the wind turbines can be
placed closer in the direction perpendicular to the prevailing winds. But for the Nordic
countries, wind directions from northwest to south are quit normal, which means that
the wind turbines should be placed with an equal distance in all directions.
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In this work, it is thus assumed that the wind turbines are put in a grid with 7
rotor diameters between. The distance from the column nearest the collecting point to
the collecting point is also 7 rotor diameters, see figure 2.1.

Since 7 rotor diameters was used, it was possible to neglect the wake effects. Any-
way, if wake effects were taken into account, it would not affect the comparison between
different wind park configurations very much. In addition, there is a lack of available,
simple and good models for calculating the wake effect in steady-state.

2.2 Electrical system configuration

In this section, the different electrical systems for the wind parks are described. For
all systems, the main grid voltage in the PCC is assumed to be constant.

2.2.1 AC/AC

All wind parks that have been build today have an AC electrical system from the
wind turbines to the PCC. In this work, two different AC-systems are investigated,
referred to as the small and the large AC wind park. Three core cables are used for
AC transmission throughout this work.

The first configuration to be discussed is the small AC wind park. The idea with
the small AC wind park, is that it should be suitable for small wind parks with a short
transmission distance. In the small AC wind park, the local wind park grid is used
both for connecting all wind turbines in a radial together and to transmit the generated
power to the wind park grid interface, which is shown in figure 2.2. For this system

PCC

local wind turbine grid and transmission system

WT WT WT WT

WT WT WT WT

WT WT WT WT

WT WT WT WT

collecting

point

wind farm

grid

interface

Figure 2.2: The electrical system for the small AC wind park.

the cables in the local wind park grid are assumed to be installed one and one from
the wind turbines to the collecting point. From the collecting point to the wind farm
grid interface all cables are assumed to be installed together. This means that there
is one cable installation cost per cable from the wind turbines to the collecting point
and only one cable installation cost for all cables from the collecting point to the wind
park grid interface.

Let us now study a slightly different configuration, the large AC wind park. The
large AC wind park system is a more traditional system, based on the general system
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in figure 2.1. This system has a local wind park grid with a lower voltage level (20-
30kV) connected to a transformer and a high voltage transmission system. This system
requires an offshore platform for the transformer and switch gear, as can be seen in
figure 2.3. Horns Rev wind park is build according to this principle. For this system

WT WT WT WT

WT WT WT WT

WT WT WT WT

WT WT WT WT

collecting

point

wind farm

grid

interface

PCC

local wind turbine grid

offshore

platform

transmission system

Figure 2.3: The electrical system for the large AC wind park.

there is one cable installation cost per cable, due to the fact that all cables have different
routes.

2.2.2 AC/DC

In this system the AC transmission in figure 2.3 has been replaced with a DC trans-
mission, this wind park will be referred to as the AC/DC wind park. This type of
system does not exist today but is frequently proposed when the distance to the PCC
is long, or if the AC grid that the wind park is connected to is weak. The system is
shown in figure 2.4. In this system we have an independent local AC system in which
both the voltage and the frequency are fully controllable with the offshore converter
station. This can be utilized for a collective variable speed system of all wind turbines
in the park. The benefits with this are that the aerodynamic and electrical efficiency
can be increased.

WT WT WT WT

WT WT WT WT

WT WT WT WT

WT WT WT WT

collecting

point

wind farm

grid

interface

PCC

local wind turbine grid

offshore

platform

transmission system
DC

ACDC

AC

Figure 2.4: The electrical system for the AC/DC wind park.
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The installation cost of the cables are the same as for the large AC wind park. The
two DC transmission cables, one for the positive pole and one for the negative pole,
are assumed to be installed together and therefore there is only one cable installation
cost for these two cables.

2.2.3 DC/DC

For the pure DC wind park, three different configurations are investigated. Two that
are based on the two layouts of the AC systems, referred to as the small DC wind
park and the large DC wind park, and one configuration with the turbines in series,
as shown in [30]. In all DC configurations in this work, the two cables, one for the
positive pole and one for the negative pole, are assumed to be installed together and
are therefore referred to as one cable.

The electrical system for the small DC wind park is shown in figure 2.5. As can be

local wind turbine grid and transmission system

WT WT WT WT

WT WT WT WT

WT WT WT WT

WT WT WT WT

collecting

point

wind farm

grid

interface

PCC
DC

ACDC

DC

Figure 2.5: The electrical system for the small DC wind park.

noticed, the electrical system for the small DC wind park is identical to the system of
the small AC wind park. The only difference is that the transformer in the wind park
grid interface is replaced with a DC transformer and an inverter. Of course, a rectifier
is needed in each wind turbine. The advantage of the small DC park compared to the
large DC park is, as for the small versus large AC park, that it does not require an
offshore platform. The installation cost of the cables are assumed to be the same as
for the small AC wind park.

The configuration of the electrical system for the large DC wind park can differ
somewhat from the configuration of the large AC wind park. The difference is if it
requires one or two transformations steps to increase the DC voltage from the wind
turbines to a level suitable for transmission. It is assumed that if the DC voltage from
the wind turbines is high enough (20-40kV) only one transformation step is required.
But if the output voltage of the wind turbine is lower (5kV), two steps are required.
In figure 2.6 this system is presented with two DC transformer steps. For the large DC
wind farm with two transformation steps, all wind turbines are divided into smaller
clusters. All wind turbines within one cluster are connected one by one to the first
transformation step. The high-voltage side of the first DC transformer step are then
connected to the second step, as can be noticed in figure 2.6. If only one step is used,
the wind turbines are connected in radials directly to the second DC transformer step,
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WT WT WT WT

collecting

point

wind farm

grid

interface

local wind turbine grid offshore

platform

transmission

system PCC
DC

AC

DC

DC

DC

DC

WT WT WT WT

DC

DC

WT WT WT WT

DC

DC

WT WT WT WT

DC

DC

Figure 2.6: The electrical system for the large DC wind park with two DC transformer
steps.

similarly as for the large AC wind park in figure 2.3. For this system there is one cable
installation cost per cable, due to the fact that all cables have different routes.

In the third DC system shown in figure 2.7 the wind turbines are connected in series,
as mention before, in order to obtain a voltage suitable for transmission directly. This
system is referred to as the series DC wind park. The benefit of this system is that

AC

AC
G

Low voltage
High

voltage

wind turbine

DC

AC

WT

WT

WT

WT

wind farm

grid

interface

local wind turbine grid

transmission system

PCC
DC

AC

WT

WT

WT

WT

WT

WT

WT

WT

WT

WT

WT

WT

Local DC/DC converter

Figure 2.7: DC electrical system with series connected wind turbines.

it, in spite of a relatively large possible size, does not require large DC-transformers
and offshore platforms. The voltage insulation in the wind turbines is taken by the
transformer in the local DC/DC converter. The drawback with this configuration is
that the DC/DC converters in the wind turbines must have the capability to operate
towards a very high voltage. This is due to the fact that if one wind turbine does
not feed out energy and therefore it fails to hold the output voltage, then the other
turbines must compensate for this by increasing their output voltage.

For this system, there is one cable installation cost per cable, due to the fact that
all cables have different routes, as can be noticed in figure 2.7.
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Chapter 3

Short about aerodynamic energy
conversion of wind turbines

3.1 Wind speed distribution

The wind speed can be treated as a continuous random variable. The probability
that a given wind speed shall occur can be described with a density function. There
are several density functions which can be used to describe how the wind speed is
distributed. The two most common are the Weibull and the Rayleigh functions. The
Rayleigh distribution, or chi-2 distribution, is a subset of the Weibull distribution. The
Weibull distribution is described by [25]

f(ws) =
k

c
(
ws

c
)k−1e−(ws/c)k

. (3.1)

Where:
f(ws) Probability density
ws Wind speed > 0 [m/s]
k Shape parameter > 0
c Scale parameter > 0

Comparisons with measured wind speeds over the world show that the wind speed
can be reasonably well described by the Weibull density function if the time period is
not too short. Periods of several weeks to a year or more is usually reasonably well
described by the Weibull distribution but for shorter time periods the agrement is not
so good [25]. The average wind speed can be calculated by using the equation for
calculating the expectation value of a continuous random variable, which gives

ws,AV G =

∫ ∞

0

wsf(ws)dws =
c

k
Γ(

1

k
) (3.2)

where Γ is Euler’s gamma function

Γ(z) =

∫ ∞

0

tz−1e−tdt. (3.3)

If the shape parameter, k, is equal to 2 the Weibull distribution is equal to the Rayleigh
distribution. The advantage of the Rayleigh function is that it only depends on the scale
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parameter, which is dependent only on the average wind speed. The scale parameter,
c, can be calculated by equation 3.4 for a given average wind speed

c =
2√
π

ws,AV G for k = 2, Γ(
1

2
) =

√
π. (3.4)

In figure 3.1 the Rayleigh distribution function is shown for different average wind
speeds. Average wind speeds of 5.4m/s and 7.2m/s correspond to a medium and high
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Figure 3.1: Rayleigh distribution function for different average wind speeds, solid 5m/s,
dashed 6m/s, dotted 8m/s and grey 10m/s.

wind site in Sweden respectively, according to [50], and an average wind speed of 9.7m/s
is found at Horns Rev [4]. The Rayleigh distribution is used in this work to describe
the distribution of the wind speed.

3.2 Operating principle of a wind turbine

A wind turbine consists of a tower, a nacelle and a rotor. The rotor converts wind
energy to mechanical energy. In the hub, the drive train is located. In the drive train,
the mechanical energy is converted into electrical energy. The drive train consists of
one or several shafts, generator and usually a gear-box.

A wind turbine has a specific rating. Sizes year 2003 are up to 4.5MW [16]. The
rated power level is reached at a wind speed of 12-15m/s, and the wind speed when the
rated power is reached is referred to as rated wind speed. Below rated wind speed the
turbine tries to capture as much energy as possible from the wind, a value of the electric
output power of about 40% of the available power in the wind is what can be obtained.
Below 3-4m/s there is so little energy available in the wind so the turbine stops. At
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wind speeds above rated, the operation principle is different. The wind turbine rotor
must now limit the incoming power to the rated shaft power. This is done by utilizing
the blades. Either the blades are turned out of the wind, pitch control, or the blades
are designed in such a way that the flow becomes disturbed and the blades loose their
efficiency, stall control.

As mention before, the rotor blades convert some of the kinetic energy of the wind
to mechanical energy on the rotor shaft. The efficiency of this conversion depends on
several factors such as blade profiles, pitch angle, tip speed ratio and air density. The
pitch angle, β, is the angle of the blades towards the rotational plane. If the pitch
angle is low, the blades are almost perpendicular to the wind and if it is high (near 90
degrees) the blades are almost in parallel with the hub direction. The tip speed ratio,
λ, is the ratio between the tip speed of the blades and the wind speed, equation 3.6.
The conversion from wind speed to mechanical power can in steady state be described
by [25]

Pmec =
πρw3

sR
2

2
Cp(λ, β) (3.5)

λ =
ωtR

ws

. (3.6)

Where:
R rotor radius [m]
ωt rotor speed [rad/s]
ρ air density = 1.225 [kg/m3]
ws wind speed [m/s]
λ tip speed ratio
β pitch angle
Cp(λ, β) aerodynamic efficiency

In figure 3.2 the mechanical power and the aerodynamic efficiency for the blade profile
used in this report is shown for different pitch angles and for a fixed rotor speed.

3.2.1 Stall control

From figure 3.2 it can be noted that if the pitch angle is kept at 0o the turbine au-
tomatically limits the output power to a maximum of 1.2 p.u., for −1o the power is
limited to a maximum of 1.0 pu using the same rotor speed in the whole wind speed
interval. As can be noted, the power reaches a maximum around 15 m/s and then
decreases for higher wind speeds.

Stall control in combination with fixed speed was the dominating concept for wind
turbines earlier. The reason is, of course, that it is cheaper to have blades that do
not need a pitching mechanism. Moreover, power electronic equipment was too ex-
pensive earlier and therefore induction generators connected to the grid without power
electronic equipment were used.

However, for MW size turbines, stall control has been considered to be unfeasible.
One important reason is the emergency breaking of the turbine. If the blades can
not be turned, the turbine must have a very large brake on the primary shaft. But if
turnable blades are used, and in particular if each blade has its own emergency pitching
system, this can replace the large main shaft brake. Instead it is sufficient to only have
a much smaller parking brake.
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Figure 3.2: The mechanical power as function of wind speed and pitch angle for a fixed
rotor speed,left plot, and the aerodynamic efficiency as function of λ and pitch angle,
right plot.

3.2.2 Active stall control

If a pitching mechanism is available, a possibility is to slightly modify the pitch angle
at high wind speeds also for turbines without a power electronic converter. When the
wind speed is 15m/s a pitch angle of −1o is used, but for 25m/s an angle of 0o is used
instead. In this way, the power level is kept at the rated value in the whole high wind
speed region. In addition, the benefits of using a smaller brake and facilitated starting
and emergency stopping is obtained.

3.2.3 Pitch control

Another way of obtaining a constant power level at high wind speeds is to turn the
blades out of the wind, i.e. to increase the pitch angle. At 12 m/s a pitch angle of 0o

is used, at 17m/s 15o and at 24 m/s and angle of 25o is used, according to figure 3.2.
The advantage of using pitch control instead of active stall control is that the thrust
force (pressure on the turbine disc) is lower.

3.3 Dynamic aspects of aerodynamic power control

If fixed rotor speed is used there is a large drawback with using pitch control, there will
be large power variations at high wind speeds. Let us consider the following case: The
turbine is operating at 13 m/s with a pitch angle of 6o. The power is now 1 pu. The
wind speed increases rapidly to 15m/s and suddenly the power level is now 1.3 pu. The
pitch controller has to increase the pitch angle to 10o and the power error is eliminated.
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However, if a new wind speed change occurs a new power pulsation is created. As can
be noted from figure 3.2 this situation does not occur when using stall control. If we
have a pitch angle of −1o we can note that wind speed changes in the high wind speed
area lead to very small power variations. This has led to that fixed-speed turbines are
almost all stall-controlled, either passive or active.

However, if the rotor speed can be varied, pitch control becomes much more favor-
able. In this case the incoming power fluctuations can instead be taken up by changing
the amount of energy stored in the rotor i.e. by adjusting the rotor speed. The wind
turbine rotor thus acts as an active low-pass filter for power fluctuations. Variable
rotor speed can of course also be used in combination with stall or active stall, but
the advantage of using pitch control is, as mentioned, that the thrust force is lowered.
This has led to that almost all variable-speed turbines are pitch regulated.

3.4 Variable speed wind turbines

As can be noted from figure 3.2, the right one, the maximum efficiency of the investi-
gated turbine occurs at λ equal to 9. For the fixed-speed turbine λ is higher than 9 for
lower wind speeds, and accordingly the efficiency of the fixed-speed rotor is lower than
optimal at lower wind speeds. For the variable-speed turbine, it is possible to maxi-
mize the mechanical power by using a variable rotational speed of the wind turbine.
This means that the pitch angle is kept constant at low wind speeds, zero in this case,
and the rotational speed of the turbine is adjusted according to the actual wind speed
so that λ always equals 9. This means that the turbine will work at the maximum
efficiency which gives the maximum mechanical output power of the turbine, in the
low wind speed region.

It should be kept in mind that the energy benefit is not the main reason for using
variable speed, instead it is the reduced stresses on the turbine that is the main advan-
tage. Also the fact that variable-speed turbines are capable of controlling the reactive
power is an important reason for selecting a variable-speed turbine.

The upper rotational speed is limited by the mechanical stresses on the blades
and the noise level, high speed results in large stresses on the blades and high noise
levels [27]. In [41] it is stated that for a 1.5MW wind turbines the rotor diameter is
approximately 64 to 66m and the rotational speed at rated wind speed is approximately
19 to 23.5rpm. Corresponding data for a 2MW wind turbine are: 80m rotor diameter
and max rotor speed 19rpm. For the 2MW wind turbines in this work the rotor
diameter is set to 80 m and the rotational speed at rated wind speed is set to 19rpm.

Today, two variable speed systems with different electrical generator systems are
common: Full range variable speed or limited speed range system. Both systems have
the same upper speed limit due to the noise level and mechanical stresses. It should
be pointed out that, the upper rotor speed limit is an average limit. Shortly the speed
is allowed to be above the average limit in order to reduce the mechanical stresses due
to the power fluctuations originating from the wind speed variations. The full range
variable speed system has no lower speed limit, the rotational speed is controlled so that
λ equals 9 also at the lowest wind speeds. The purpose is, as mentioned, to have the
highest efficiency of the wind turbine in the low wind speed region. In the limited speed
range case there is a lower average speed limit apart from the upper one. Normally for
the limited speed range systems the speed band is ±30% from synchronous speed [23].
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Chapter 4

Energy efficiency comparison of
wind turbine systems

In this chapter the different wind turbines used in this work are examined and the
energy efficiency is compared in steady state. The energy conversion of the rotor is
modelled using equation 3.5 and the rated (maximum) shaft power from the turbine is
set equal for all wind turbine systems. This was made in order to make the comparison
as comparable and relevant as possible. The losses of the other components in the wind
turbine are modelled in appendix B. This means, that in this chapter only the results
are presented, the loss calculations leading to the results are found in appendix B.

4.1 AC wind turbines

There exists several different types of wind turbines with an AC interface to the grid.
In this work the most common wind turbine types that is produced today for high
power applications (above 1MW) is taken under consideration.

4.1.1 Fix speed wind turbine

The fix speed wind turbine has been the most commonly used wind turbine type so far.
This depends on that it has a very robust design with few components. The system
is presented in figure 4.1. The weakest component is the gearbox which has to take

AG

Gear

AG

Figure 4.1: Principal scheme of the 2MW fix speed turbine, with two generators.

up a lot of torque pulsations. This is due to the fact that the turbine has an almost
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fixed speed and can story very little energy from the incoming power pulsations. These
pulsations are also seen in the output power from a fix speed wind turbine and they
cause fast voltage fluctuations on the grid [3, 29, 37]. For a wind park, these caused
voltage pulsations are not a problem from a grid point of view, since they are smothered
out when several turbines are connected [28, 35, 48].

The efficiency of the fix speed turbine is increased by having two different generators,
one larger and one smaller. The small generator has a lower rotational speed and is used
at low wind speeds to increase the aerodynamical as well as the generator efficiency
of the turbine (operation close to the ideal λ at low wind speeds and reduced iron
losses). At higher wind speeds, the larger generator is used. In figure 4.2 the active
and reactive powers for this system are shown, solid and dashed line, respectively. The
switch over point between the generators in this work can be noticed in figure 4.2 as the
knee of the solid line at 6.7m/s. The dotted line in figure 4.2 shows the output power
from the wind turbine if the large generator had been used also for low wind speeds.
By comparing the dotted line with the solid line for low wind speeds, the increase in
efficiency by having two different generators is clearly seen. Due to this increase in
efficiency the two generator system is the only one considered in this work.

4 6 8 10 12 14 16 18 20 22 24
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Wind speed [m/s]

Po
w

er
 [p

.u
 o

f 2
M

W
]

Figure 4.2: The produced active power to the grid is shown (solid) and the reactive
power drawn from the grid (dashed) for the 2MW fix speed turbine. Dotted line shows
the output power from the wind turbine if the large generator is used for low wind
speed also.

A drawback of the fix speed wind turbine system is that the reactive power can
not be controlled. The capacitors shown in figure 4.1 are only used to compensate for
the no-load reactive power consumption of the generators. This means that the reac-
tive power consumption of the wind turbine will increase when the power production

16



increase, as can be seen in figure 4.2 (dashed line). If the reactive power consumption
is to be compensated for more, electronically switched capacitors or an SVC can be
used. Due to the fact that if the generator is compensated more then for the no-load
consumption of reactive power there is a risk that the generator will be self excited
which leads to severe over-voltages.

As mention before, the generator used at low wind speeds has a lower rated power
then the generator used for high wind speeds. Due to the lower rated power, the
generator no-load losses of the system are lower, and accordingly the total generator
losses can be reduced at low wind speeds. This can be noticed in figure 4.3 where the
losses of the 2MW fix speed wind turbine is shown. The switch between the different
generators can be noticed as the step at 6.7m/s in the losses for the generator (black
dashed line). The dashed grey line shows the generator losses of the large generator,
if it would have been used for low wind speeds also. By comparing the grey and the
black dashed line for low wind speeds it is noticed that an improvement of the generator
efficiency by approximately 0.9% at low wind speeds is obtained by having two different
generators.

4 6 8 10 12 14 16 18 20 22 24
0

0.5

1

1.5

2

2.5

3

3.5

Wind speed [m/s]

Po
w

er
 lo

ss
es

 [%
 o

f 2
M

W
]

Figure 4.3: The losses for the turbine, solid transformer losses, black dashed genera-
tor losses and dotted gearbox losses. Grey dashed line shows the losses of the large
generator if it would have been used at low wind speeds also.

17



4.1.2 Limited speed range wind turbine

There is a trend among the largest manufactures of wind turbines in the MW size
towards the limited speed range wind turbine configuration [23]. The key component in
this system is an asynchronous generator with a wound rotor and slip rings, also called
Doubly-Feed Induction Generator (DFIG). The converter is connected to the rotor
circuit via the slip rings and the stator circuit is connected directly to the transformer,
as can be seen in figure 4.4. This system is discussed more in detail in appendix B.2.3.
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YD

Figure 4.4: Principal scheme of the 2MW limited speed range wind turbine.

This system can be optimized to produce maximum energy by choosing the speed
range and the stator to rotor winding ratio appropriately [36]. The speed range around
synchronous speed is approximately equal to the power through the converter. A
common speed range is ±30% from synchronous speed, see [23], which gives that the
maximum power through the converter is 30% of the rated power, [36] and figure B.7.
The fact that only a part of the power goes through the converter is the main advantage
of this system, which gives a smaller converter (cheaper) and also lower losses.

In [36] it is shown that if the stator of the generator is connected in Y for low wind
speeds and in ∆ for high wind speeds the energy production can be increased by up
to 1.2%. The Y ∆ switch is shown in figure 4.4. This way of increasing the energy
production of the DFIG system is used in this work as standard for the DFIG system.

In figure 4.5 the losses of the limited speed range wind turbine are shown. The
switch from Y to ∆ connection of the stator is seen at 8.7m/s as a step in the losses
of the converter (grey line). If only the efficiency of the generator is studied it can be
noticed that the losses of the DFIG is lower at rated power compared to the fix speed
system in figure 4.3. This is mainly due to that the losses in the stator winding is
lower, due to that 30% of the power is taken out through the rotor and therefore the
stator current is approximately 30% lower.

The asynchronous generator can be magnetized through the rotor which gives that
if it is desired, it is only the active power that is fed out from the stator. The converter
side connected to the transformer, can also be used to generate or consume reactive
power. This leads to that the semi variable wind turbine can produce power with a
power factor equal to one in the whole wind speed region.
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Figure 4.5: The losses of the 2MW limited speed range wind turbine. Solid transformer
losses, dashed generator losses, dotted gearbox losses and grey converter losses.
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4.1.3 Full range variable speed wind turbines

The ”full range variable speed” wind turbines in this work uses a full power converter
connected between the stator of the generator and the wind turbine transformer, as
shown in figure 4.6. For the full range variable speed systems, the reactive power to
the grid is fully controllable using the converter.

In this work two types of generators are used, an asynchronous generator and a
low speed synchronous generator. Today the system with the low speed synchronous
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Figure 4.6: Principal schemes of the 2MW full range variable speed turbine, top with
asynchronous generator and bottom with permanently magnetized generator.

generator is by far the most common one of the two. The reason for this is that this
system does not need a gearbox, which is a quite sensitive component as mention before.
If a permanently magnetized directly driven machine is used, a drawback is that this
generator requires much more reactive power at rated power then the asynchronous
generator requires. If an electrically magnetized generator is used, the reactive power
is not a problem, since it can be produced internally using the field winding.

But if the generator is permanently magnetized the reactive power needed by the
generator at high loads (high wind speeds) must be produced externally in order to have
a good utilization of the generator, [21] and appendix B.3.3. This gives problems if a
diode rectifier is connected to the generator. For this case some kind of reactive power
compensation must be used, for example, capacitors on the AC side can be used. In
this work it is assumed that the permanently and the electrically magnetized generator
performs equally from an energy production point of view, so, only the permanently
magnetized generator system is chosen to be investigated in this work.

In figure 4.7 the losses of the full range variable speed wind turbine with an asyn-
chronous generator are shown. More details about this system is presented in ap-
pendix B.2.2. If figure 4.7 and figure 4.3 are compared it is noticed that the generator
losses, at low wind speeds, is for the variable speed wind turbine almost the same as for
the small generator used in the fix speed turbine. This is due to that in the full variable
speed system the voltage and the frequency to the generator is fully controllable by
the converter. At low wind speeds, field weakening of the generator is used in order to
reduce the no-load losses. This is done by decreasing the voltage to the generator, se
figure B.5.

20



4 6 8 10 12 14 16 18 20 22 24
0

0.5

1

1.5

2

2.5

3

3.5

4

Wind speed [m/s]

Po
w

er
 lo

ss
es

 [%
 o

f 2
M

W
]

Figure 4.7: The losses of the 2MW full range variable speed turbine equipped with
a asynchronous generator. Solid transformer losses, dashed generator losses, dotted
gearbox losses and grey converter losses.

In figure 4.8 the losses of the full range variable speed wind turbine with a per-
manently magnetized generator and a back to back converter between the stator and
the wind turbine transformer are shown. In appendix B.3.2 more information about
this system is presented. From figure 4.8 it is noticed that the losses for the low speed
generator is lower then the losses for the system with a gearbox and an asynchronous
generator. It shall also be noticed that the converter losses for these two full variable
speed systems are much higher then the converter losses in the semi variable system,
se figure 4.5.
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Figure 4.8: The losses of the 2MW full range variable speed turbine equipped with
a permanent magnetized generator. Solid transformer losses, dashed generator losses
and grey converter losses.
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4.2 DC wind turbines

In this section some promising layouts of wind turbine units that produces a DC-
voltage are examined. For all DC wind turbines, the generator is assumed to be a
low speed permanently magnetized generator with a rated voltage of 690V and a rated
power of 2MW. Note, that the notation DC wind turbines still means that we have
an AC generator. In one case, a generator with 10kV rated voltage is used, and this
generator is realized by using an ideal transformer connected to the 690V generator.
In several of the DC systems, the generator is connected to a diode rectifier and the
reactive power to the generator is supported by series capacitors, as discusses in [21]
and appendix B.3.3. Of course, the capacitors and the main inductance of the generator
will form a resonant circuit which must be investigated carefully in order to avoid any
resonances which can cause high over-voltages. One DC system with an IGBT rectifier
is also investigated. In this system the reactive power to the generator is controlled by
the IGBT rectifier, as shown in appendix B.3.2.

The main philosophy of the DC-systems is that all wind turbines shall have a fix
output voltage regardless of the wind speed in steady-state to simplify the DC-grid, as
mention in chapter 2. The exception is in the series DC wind farm, where the sum of
the output voltages of the wind turbines in one leg should be held constant.

In figure 4.9 the three DC/DC converter topologies selected in appendix A.3 to be
used in this work are shown. To the left the boost converter, in the middle the full
bridge converter and to the right the full bridge isolated boost converter are shown.
For more information about the different topologies studied see appendix A.2 and in
appendix B.6 the loss models of the three converters are shown.

Boost converter Full bridge converter Full bridge isolated boost converter

Figure 4.9: Principal scheme of the three most interesting DC/DC converter topologies.

4.2.1 DC-level locked speed wind turbine

In this concept the speed of the turbines are controlled by controlling the DC voltage.
The main advantages of this system is that it has very few components and that all
of them are passive, as can be seen in figure 4.10. This system is similar to the fix
speed AC wind turbine system with the only difference that the speed is determined
by the DC-voltage at the diode rectifier instead of the frequency of the AC voltage.
This means that this systems has the same drawback of fluctuating power production
as the fix speed AC wind turbine system. The slip of the conventional AC generator
that is governed by the rotor resistance is now determined by the leakage inductance
instead.
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PM

Figure 4.10: Principal scheme of the 2MW DC-level locked speed wind turbine.

Since this system in principle is a fixed-speed system with additional complications,
it will not be taken into consideration in this report.

4.2.2 Variable speed DC wind turbines

In this sections some different layouts for variable speed DC wind turbines are presented
and examined. The speed of the wind turbine is controlled by the DC/DC converter
that is connected between the diode rectifier and the DC grid, as shown in figure 4.11.
This means that the speed of the turbine is independent of the DC voltage on the grid.

PM
DC

DC

Figure 4.11: Principal scheme of the 2MW DC wind turbine with full variable speed
and diode rectifier.

The drawback is that this system requires a DC/DC converter in the MW range, which
does not exists today. Another drawback is of course, that the DC/DC converter will
have losses.

In figure 4.12 the losses of the variable speed DC wind turbine with a boost converter
as DC/DC converter are shown. In this configuration the generator has a rated voltage
of 690V and the wind turbine with its DC/DC converter has an output voltage of 5kV.
If instead a 10kV generator is used, which is quite possible, the output voltage can be
increased to 40kV. The losses of this system are shown in figure 4.13.

In figure 4.14 the power production and the losses of the variable speed DC wind
turbine with a full bridge converter as DC/DC converter are shown. In this configu-
ration the generator has a rated voltage of 690V and the wind turbine has a output
voltage of 40kV.

By comparing the three figures 4.12, 4.13 and 4.14 it is noticed that the losses for
the generator are the same, the only difference is the losses for the diode rectifier and
the DC/DC converter. The losses for the diode rectifier and the boost converter in the
system with the 10kV generator is lower then for the other system, due to the fact that
the current is lower.
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Figure 4.12: The losses of the 2MW wind turbine equipped with a permanent magne-
tized generator connected to a diode rectifier and a boost converter with 5kV output
voltage. Dashed generator losses, solid DC/DC converter losses and grey diode rectifier
losses.
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Figure 4.13: The losses of the 2MW turbine equipped with a permanent magnetized
generator connected to a diode rectifier and a boost converter with 40kV output voltage.
Dashed generator losses, solid DC/DC converter losses and grey diode rectifier losses.
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Figure 4.14: The losses of the 2MW turbine equipped with a permanent magnetized
generator connected to a diode rectifier and a full bridge converter. Dashed generator
losses, solid DC/DC converter losses and grey diode rectifier losses.
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4.2.3 Variable speed DC wind turbine with IGBT rectifier

In this DC wind turbine, the diode rectifier and the series capacitors are replaced by
an IGBT rectifier, as shown in figure 4.15. The benefit with the IGBT rectifier is that

PM
DC

DC

Figure 4.15: Principal scheme of the 2MW DC wind turbine with full variable speed
and IGBT rectifier.

the torque of the generator and the reactive power to the generator is easily controlled.
Due to the fact that the reactive power can be controlled, any type of generator can
be used.

Another benefit of the IGBT rectifier is that it keeps the input voltage to the
DC/DC converter constant. This leads to that the DC/DC converter works at a
constant transformation ratio in normal operations. This means that the DC/DC
converter can be better optimized, it will work as a constant ratio DC transformer.

In figure 4.16 the losses of the variable speed DC wind turbine with an IGBT rectifier
and a full bridge converter as DC/DC converter are shown. In this configuration the
generator has a rated voltage of 690V and the wind turbine has an output voltage of
40kV. In figure 4.16 it is noticed that the power loss in the generator is lower compared
to the cases using a diode rectifier and series capacitors. This is due to the better
control of the voltage and reactive power of the generator. It is also noticed that the
losses for the full bridge converter is lower in this case compared to the case with a
diode rectifier. This is due to that the converter is better utilized when it is operated
with constant input and output voltage. The drawback is that the IGBT rectifier has
much higher losses then the diode rectifier, which leads to that this wind turbine has
a lower rated output power compared to the wind turbine with the 10kV generator,
diode rectifier and the boost converter.
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Figure 4.16: The losses of the 2MW wind turbine equipped with a permanent mag-
netized generator connected to a IGBT rectifier and a full bridge converter. Dashed
generator losses, solid DC/DC converter losses and grey IGBT rectifier losses.
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4.2.4 Series connected DC wind turbine unit

This type of wind turbine is designed to be connected in series with other wind tur-
bines. The point is that it in this way is possible to get a sufficiently high voltage for
transmission directly, without using large centralized DC-transformers. The series con-
nected wind turbine does not differ so much from the variable speed DC wind turbines
presented in chapter 4.2.2. The only difference is the type of DC/DC converter that is
used, in this case the full bridge isolated boost converter. The series connection how-
ever implies that some components in the wind turbine must have a voltage insulation
high enough to take up the whole transmission voltage to ground.

In this work, it is the transformer in the DC/DC converter that is the interface
between the high transmission voltage and ground. In figure 4.17 the scheme of the
series connected DC wind turbine is shown. From this figure it is noticed that the
high voltage winding of the transformer in the DC/DC converter is isolated for the
transmission voltage to ground. It is also seen that all components on the high voltage

Low voltage side
High

voltage side

+

-

V
ratedPM

+

-

V
transmission

Figure 4.17: Principal scheme of the series connected DC wind turbine.

side in figure 4.17 must be isolated for the transmission voltage to ground. One benefit
of the full bridge isolated boost converter is that it has a few numbers of components on
the high voltage side of the transformer, the diode rectifier and the output capacitor.
This means that it is a few components that must be placed or encapsuled so that they
can withstand the transmission voltage to ground. As can be seen in figure 4.17 the
voltage rating of the components on the high voltage side is determined by the output
voltage rating of the converter and not by the transmission voltage. Another benefit of
the full bridge isolated boost converter is that all components on the high voltage side
are passive. This means that no control signals or drive circuits for active components
is needed on the high voltage side.

In figure 4.18 the losses of the series connected wind turbine are shown. In this
configuration the generator has a rated voltage of 690V and the wind turbine has an
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output voltage of 20kV. As can be noticed from figure 4.18 the series connected wind
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Figure 4.18: The losses of the 2MW series connected wind turbine. Dashed generator
losses, solid DC/DC converter losses and grey diode rectifier losses.

turbine has the same generator and rectifier losses as the other DC wind turbines with
a diode rectifier to the generator and a 690V generator. It can also be noticed that
the DC/DC converter losses are lower for this wind turbine then for the variable speed
wind turbine with a full bridge converter and a diode rectifier, se figure 4.14. This is
due to that the full bridge isolated boost converter is better utilized in this voltage
adjusting application then the full bridge converter.
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4.3 Average power production comparison of dif-

ferent wind turbines

In this section the average power production of the wind turbines presented in this
chapter will be determined. The average power production is calculated by using
the wind speed distribution shown in chapter 3. The average power production is
calculated in the same way as the mean wind speed, equation 3.2, ie. the output power
is multiplied with the Rayleigh distribution and then integrated from cut in wind speed
to cut out wind speed, as can be seen in equation 4.1. In this work the cut out wind
speed is selected to 25m/s, this is a normal value for wind turbines. There is no point
in using a higher cut out speed since the contribution to the average power production
for wind speeds above 25m/s is very low, se figure 3.1 where the Rayleigh distribution
has very low values over 25m/s. This means that a further mechanical over-dimension
in order to allow operation at these high wind speeds does not pay back. The cut in
wind speed is set to 3m/s. The contribution to the average power production from
wind speeds lower then 3m/s is quite low due to that the power produced by the
wind turbine is low, see figure 4.2, and due to that the distribution decrease rapidly
for decreasing wind speeds below 3m/s. The average power production can thus be
determined as:

Pout,AV G =

∫ cutout

cutin

Pout(ws)f(ws)dws. (4.1)

Where:
Pout,AV G Average power production [kW]
cutin Cut in wind speed =3 [m/s]
cutout Cut out wind speed =25 [m/s]
Pout(ws) Output power of the wind turbine [kW]
f(ws) Rayleigh distribution

In table 4.1 the average power production of the different wind turbines are shown
for some different average wind speeds and the power at cut in wind speed and at
rated wind speed in per unit of 2MW. The four first are AC wind turbines and the
five last are DC wind turbines. It shall be remembered that all wind turbines has the

Table 4.1: The output power in p.u. of 2MW for the different wind turbines at cut in
wind speed and at rated wind speed and the mean output power in kW for the different
wind turbines and for different mean wind speeds.

Type of wind turbine Power at 3m/s Rated power 5m/s 6m/s 8m/s 10m/s
AM Fix speed 0 0.997 271 434 769 1037

AM, Rotor converter 0.009 0.992 275 437 771 1038
AM, Stator converter 0.011 0.964 270 428 754 1012
PM, Stator converter 0.013 0.967 281 442 769 1027

PM, Diode, Boost 5kV 0.015 0.975 288 451 781 1040
PM, Diode, Boost 40kV 0.015 0.994 292 457 793 1058
PM, Diode, Full bridge 0.003 0.971 282 444 774 1033
PM, IGBT, Full bridge 0.012 0.968 281 442 770 1028

PM, Diode, FBiB 0.014 0.975 286 448 778 1038
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same rated shaft power, so the differences in electric power production is only depend-
ing on the speed control of the turbine (fix speed, limited speed range or full range
variable speed) and the losses in the drive train. From table 4.1 it can be seen that
the differences in average power production between the different wind turbines for a
given mean wind speed is not large, it is maximum 4-7%. Note, that a possibility is to
increase the rotor diameter of the turbine at sites with low average wind speeds and
in this way it is possible to adjust the turbine to the mean wind speed of the site. In
this work the rotor diameter is the same for all average wind speeds, since the goal
here is to compere the energy capture using various electrical systems, so the boundary
conditions are set to be as equal as possible in this work.

From table 4.1 it can be noticed that almost all wind turbines with high power at
cut in wind speed has the highest average production at low average wind speeds. It
can also be noticed from table 4.1 that the wind turbines with high output power at
rated wind speed has the highest average output power at high average wind speeds,
as can be expected. This is due to the fact that at a low average wind speed the
Rayleigh density function has the highest values for low wind speeds, as can be seen
from figure 3.1. This gives that a high efficiency at part load gives a higher average
output power. Accordingly, for a high average wind speed the Rayleigh density function
has the highest values for higher wind speeds and this gives that high efficiency at rated
load gives a higher average output power.

This is the explanation why the fix speed AC wind turbine has high average output
power at high average wind speeds and low at low average wind speeds. The fix speed
AC wind turbine has a lower efficiency at low wind speeds due to the fact that the
speed is locked to two specific speeds and due to that the reduction of the no-load losses
of the generators is limited (apart from the one archived by using two generators).

The wind turbine with the doubly fed asynchronous generator has a quite good
performance for all average wind speeds. This is mainly due to the low losses in the
converter and the Y ∆ switch at low wind speeds. As mention before, the DFIG system
can only work in a certain speed span and this system thus loose some energy at low
wind speeds. But as can be observed from table 4.1, the rotor converter systems has
almost the same output power at cut in wind speed as the stator converter system with
the asynchronous generator, even though this system operate at full variable speed and
can reduce the no-load losses of the generator to a maximum. But the stator converter
has much higher losses then the rotor converter so the gain using the full variable speed
operation and the reduction of the no-load losses is lost due to the high converter losses.
The result is that the stator converter system with an asynchronous generator will not
have the highest efficiency.

For the AC wind turbine with the stator converter system and a permanently
magnetized generator it can be noticed that it performs well at low average wind
speeds compared to the systems with a gearbox and an asynchronous generator. This
is due to the fact that the permanently magnetized generator has lower losses at low
wind speeds then the system with a gearbox and an asynchronous generator, as can
be seen from figure 4.7 and 4.8. For high average wind speeds this system has a lower
average output power then the fix speed system and rotor converter system due to the
high losses in the converter at high wind speeds.

As it can be noted, the DC wind turbines all performs good for low average wind
speeds due to the low losses in the permanently magnetized generator at low wind
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speeds compared to the system with an asynchronous generator and a gearbox. But
for higher average wind speeds they performs somewhat differently depending on the
losses in the rectifier and in the DC/DC converter.

From table 4.1 it is found that the best wind turbine is the DC wind turbine with a
10kV generator and a boost converter with an output voltage of 40kV. This is due to
that the 10kV generator is made from adding an ideal transformer to the stator of the
690V permanently magnetized generator used in the other wind turbines. This gives
that the losses for the 10kV generator are identical to the losses of the 690V generator.
But due to the higher voltage, the current is lower and therefore the conduction losses
in the diode rectifier and the boost converter are much lower compared with the other
DC wind turbines.

For the other DC wind turbines with a 690V generator and a diode rectifier it is
noticed that the system with the boost DC/DC converter is the best and that the
full bridge isolated boost system comes second and the least efficient is the full bridge
system. This is only depending on the DC/DC converter losses, since that the generator
is controlled in the same way in all three cases. By comparing the losses for the DC/DC
converter in figure 4.12, 4.14 and 4.18 it is seen that the boost converter has the lowest
losses.

For the DC wind turbine with an IGBT rectifier it is seen from table 4.1 that it
produces the lowest average output power of the DC wind turbines. This is due to the
much higher losses in the IGBT rectifier compared to the diode rectifier used in the
other DC wind turbines. But it shall be noticed that this DC wind turbine performs
quite equal to the AC wind turbine with a permanently magnetized generator and a
stator-connected full power converter.

From this comparison of different wind turbine types, the fix speed AC wind turbine
and the rotor converter AC wind turbine is chosen to be used in the evaluation of the
wind parks with AC wind turbines. For the large DC wind park, the two wind turbine
systems with the boost converter are used, the one with 5kV output voltage and the
one with the 40kV output voltage. For the small DC wind park only the wind turbine
system with the boost converter and 40kV output voltage is used. This due to that 5kV
is a too low voltage for transmission over long distances. For the series connected DC
wind park, the DC wind turbine with the full bridge isolated boost converter is chosen.
This is due to that it has a higher average output power then the full bridge DC wind
turbine and due to that the full bridge isolated boost converter has fewer components
on the high voltage side of the transformer then what the full bridge converter has.
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Chapter 5

Energy Production Cost of
Different Wind Parks

In this chapter, the energy production cost for the six different wind park systems based
on the wind turbine systems described in chapter 2 are compared with each other. All
these six types are individually optimized to give the lowest energy production cost. In
the first section the best configuration of these six types are compared with each other.
And in the following sections the individual optimization is described for each of the
configurations. The inputs, loss and cost models, for these calculations are taken from
appendix B and appendix C.

The cost of the components are calculated with the functions presented in ap-
pendix C and the losses in the components are calculated with the functions presented
in appendix B. The energy production cost is then calculated according to the equa-
tions in appendix C.1. The energy production cost for the six, in this chapter, investi-
gated types of electrical system are normalized by the energy production cost obtained
for the Horns Rev wind park. According to [4] Horns Rev has a yearly production of
600 000 000kWh, an average wind speed of 9.7m/s and a project cost of DKK 2 billion.
This gives an energy production cost of approximately 0.28SEK/kWh, accordingly to
the assumptions in this section.

5.1 Comparison of Energy Production Costs

In this section the best configuration of each of the six wind park types presented
in chapter 2 are compared with each other, small AC, large AC, AC/DC, small DC,
large DC and series DC. The comparison is made for the four different rated powers
presented i chapter 2, 60MW, 100MW, 160MW and 300MW. The presented cases for
an average wind speed of 10m/s are shown in figures 5.1 and 5.2.

In figure 5.1 the energy production cost is shown for the six wind park configu-
rations, and as mention in the introduction of this chapter it is normalized by the
production cost for Horns Rev. If the three wind parks with AC are compared, small
AC (solid black), large AC (dashed) and AC/DC (dash-dotted) these results are as
expected. The small AC wind park is the best solution for short distances, the AC/DC
is best suitable for long distances and the large AC is best in between. The small AC
wind park is the best for short distances due to that it does not require an offshore
platform. So the additional cost for many low voltage transmission cables is less then
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Figure 5.1: The normalized energy production cost of the different 60MW wind parks
as function of the transmission distance for an average wind speed of 10m/s. Solid
small AC, dashed large AC, dash-dotted AC/DC, grey small DC, dotted large DC and
solid with stars series DC.

the cost for the platform and the high voltage transmission cable for short distances.
The cost for the low voltage transmission increases rapidly when the transmission dis-
tance increases. The break even point between the small and large AC system is at a
transmission distance of 37km. The AC/DC system has, due to the expensive converter
stations, a high energy production cost for short distances. Due to the fact that the
cost for the transmission cables are less for DC then for AC the AC/DC system gets
better then the large AC system for transmission lengths over 100km, see appendix C.4.

The large DC system is better then the AC/DC system due to that the losses in the
DC wind turbine is lower then in the AC wind turbine. Moreover, the cost for the local
DC grid is less then the cost for the local AC grid and the losses in the DC transformer
are less then the losses in the offshore converter station. These costs are independent
of the transmission length, but since the two systems has the same transmission system
(DC cables), the large DC wind farm will for any transmission length be better then
the AC/DC wind farm (using the assumptions made in this work).

As could be expected, the small DC wind farm is no good solution. This is due to
that it still requires a large DC transformer and a converter station. The gain of cheaper
cables and somewhat lower losses is not enough to compensate for the expensive DC
transformer and converter station. But compared to the large DC system it is better
for short distances. The reason is that it does not require an offshore platform.

From figure 5.1 it can be seen that the best wind park solution for a transmission
length over 11km is the series DC wind park. This is due to the fact that it does not
require an offshore platform, it has a cheaper local wind turbine grid, DC transmission
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(cheaper then AC) and this system has only one converter station. The uncertainty
which is also a great challenge for research in the high voltage field, is how expensive
it will be to have the high voltage insulation in each wind turbine.

In figure 5.2 the normalized energy production cost are shown for the six systems
for a rated power of the wind park of 160MW. As can be noticed the cost found for the
large AC park (The Horns Rev case, totaly 55km transmission length [15]) is 10% lower
then the ”real” case. However, since real price information is hard to obtain and the
fact that Horns Rev was the first large offshore wind park the results are considered
to be surprisingly good. It should be stressed that this work focuses on comparing
systems rather then obtaining correct total costs, since this was considered to be out
of reach without having access to really good cost data. It can be seen if the figures 5.1
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Figure 5.2: The normalized energy production cost of the different 160MW wind parks
as function of the transmission distance and at a average wind speed of 10m/s. Solid
small AC, dashed large AC, dash-dotted AC/DC, grey small DC, dotted large DC and
solid with stars series DC.

and 5.2 are compared that the break even point between the small AC and large AC
is decreasing when the wind park size is increased. This is caused by the fact that
the contribution to the energy production cost from the transmission system decreases
when the wind park size is increased. The decrease is larger for the large AC wind
park then for the small AC wind park. Another observation that can be made is that
the energy production cost decreases when the rated power of the wind park increases.

In figure 5.3 a curve of how the energy production cost varies with the average wind
speed is presented. The curve is normalized by the costs at a average wind speed of
10m/s. As can be noticed from the figure 5.3 the cost increases rapidly if the average
wind speed decreases. At a average wind speed of 6.5m/s the energy production cost
is twice as high as at 10m/s.
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Figure 5.3: Energy production cost as function of the average wind speed, normalized
with the cost at a average wind speed of 10m/s.
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5.2 Small AC park, local grid for transmission

In this section, the small AC wind park is investigated in detail. First some selections
are made to limit the number of cases and then the energy production cost is discussed
for the different configurations of the small AC wind park.

5.2.1 Transformer size

The first selection to be made is the transformer size. The reason for investigating this
is that it is possible to get lower losses and perhaps lower contribution to the energy
production cost, if the transformer size is selected larger then the rating of the wind
farm. The reason for this is that in these cases the cost of the losses in the transformer
is reduced more then what the cost of the transformer increases. From appendix C.1
it is known that the contribution to the energy production cost from one component
can be expressed as in equation 5.1.

Ecost,c1 = Ecost,invest,c1 + Ecost,loss,c1 = K
Ic1

Pin,AV G

+ K
Invest

Pin,AV G

Ploss,c1,AV G

Pout,AV G

(5.1)

Where:
Ecost,c1 Contribution to the energy production cost from component c1 [SEK/kWh]
Ecost,invest,c1 Contribution from the cost of component c1 [SEK/kWh]
Ecost,loss,c1 Contribution from the losses in component c1 [SEK/kWh]
K Constant, defined in equation C.1
Invest Investment [SEK]
Ic1 Cost of component c1 [SEK]
Pin,AV G Average input power [kW]
Pout,AV G Average output power [kW]
Ploss,c1,AV G Average losses in the component c1 [kW]

Moreover, if it is assumed that the cost of the transformer is described by equation C.5
and that Invest = BIPn,wp +Costtransformer, where Pn,wp is the rated power of the wind
park and BI is the investment factor for the other components in the wind park. The
input power to the wind farm as function of wind speed is described by equation 5.2
in per unit of Pn,wp.

P =
w3

s

w3
s,P

for 0 ≤ ws ≤ ws,P (5.2)

= 1 for ws,P ≤ ws

Where:
P Input power [p.u.]
ws Wind speed [m/s]
ws,P Wind speed for rated power =11.5m/s

The average input power is calculated with equation 4.1. The output power is calcu-
lated according to Pout,AV G = Pin,AV G−Ploss,transformer,AV G−Ploss,other,AV G. Ploss,other,AV G

is the average losses of the other components in the wind park and in this case (de-
termination of transformer size) these are set equal to the relative losses of the 2MW
wind turbine with the DFIG system. The losses of the transformer are assumed to be
described by the approximation in equation B.75. The input power to the transformer
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is also assumed to be described by equation 5.2 and the average losses are calculated by
equation 4.1. Using these assumptions, the optimum transformer size that minimizes
the contribution to the energy production cost, can be calculated. The key results
from this calculation are presented in figure 5.4. The main conclusion from figure 5.4
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Figure 5.4: Rated power of the transformer in p.u. of the rated power of the wind
park as function of the average wind speed for different rated powers of the wind park
and different investment factors. Solid 150MW BI = 19, dash-dotted 60MW BI = 19,
dotted 300MW BI = 19, grey 150MW BI = 14 and dashed 150MW BI = 24.

is that it is for high rated powers of the wind park and for high average wind speeds
that it is optimal to have a higher rating of the transformer. The fact that it is for
high powers, depend on that the derivative of the cost for the transformer is lower for
high power levels then it is for lower power levels as can be seen from figure C.2. In
the same way as for electric machines, the load losses is of greater importance for high
average wind speeds and the no-load losses for low average wind speeds. The result is
that the smallest possible transformer shall almost always be selected. Only in the case
of high rated power of the wind park and high average wind speeds, the transformer
shall be slightly over-dimensioned. In this work the smallest transformer possible is
accordingly always used.

5.2.2 Number of wind turbines per radial

With the same technique used to determine the rated power of the transformer, the
ideal number of wind turbines per radial can be calculated. For this calculation the
wind turbines, the cables between the wind turbines and the transmission cables are
treated as the component to be optimized. The cable losses are calculated by equa-
tion B.83. Otherwise the procedure is similar to the one for the transformer above.

40



In figures 5.5 and 5.6 the results from these calculations are shown for different power
levels. The two figures shows the results for the two transmission voltage levels, 22kV
and 45kV. The small wind park is also investigated for a voltage level of 33kV, but
since the results for this voltage level is in between the ones obtained for the 22kV and
45kV and, moreover, show the same pattern, they are not shown. The black curves
in these two figures corresponds to the calculation of the number of wind turbines per
radial that gives the lowest contribution to the energy production cost. But since the
wind park should have a specific rating, the selection of the number of wind turbines
per radial is not free to choice. Due to this fact, the number of wind turbines per
radial multiplied by the number of radials multiplied with the rating of the wind tur-
bine should be equal to the rating of the wind park. Therefore the grey curves in the
two figures 5.5 and 5.6 shows the discrete number of wind turbines per radial that is
used in this investigation. As can be noticed if the grey lines are studied in detail, the
rated power of the wind park is allowed to vary somewhat around the desired rated
power. This means that for some transmission distances the actual rated power of the
wind park is somewhat higher or lower then the desired rated power (60, 100, 160 or
300MW).
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Figure 5.5: Number of wind turbines per radial for 22kV transmission voltage. Black
theoretical curves and grey actual curves. Solid 60MW park, dashed 100MW, dash-
dotted 160MW and dotted 300MW wind park.

In the calculation of the ideal number of wind turbines per radial, the ideal size of
the transmission cables was also calculated. From this calculation it was indicated that
the cables should be over-dimensioned if the transmission length is short, shorter then
10km. The desired over-dimension decreased when the transmission length increased.
Since the focus in this work is mainly on somewhat longer distances, the smallest
conductor area that can be used is chosen here.
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Figure 5.6: Number of wind turbines per radial for 45kV transmission voltage. Black
theoretical curves and grey actual curves. Solid 60MW park, dashed 100MW, dash-
dotted 160MW and dotted 300MW wind park.
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5.2.3 Energy production cost for the different configurations
of the small AC wind park

By using the above mentioned selections and the cost and loss functions from appen-
dices C and B the energy production cost of the small AC wind farm can be calculated
for different transmission lengths. In figure 5.7 the energy production cost of the 60MW
small AC wind farm is shown for different voltage levels, wind turbine types and for
an average wind speed of 10m/s. From figure 5.7 it is noticed that 45kV is the best
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Figure 5.7: The normalized energy production cost for the different configurations of
the small AC system. For a 60MW wind park, an average wind sped of 10m/s and for
different transmissions lengths. Solid with fix speed wind turbines and dashed wind
turbines with the DFIG system.

voltage level to use and up to approximate 80km the wind turbine with the DFIG
system is to prefer. This result is similar for all the four investigated power levels of
the wind park, and can thus be considered as general.

To make the discussion of the dependency of the energy production cost on different
parameters more clear, one of the small AC wind park layouts has been selected as a
reference and then one parameter at the time has been changed. Table 5.1 shows the
selected reference wind park and the parameters that are varied.

In table 5.2 the different contributions to the energy production cost are shown for
the different parameter variations from the reference case. The different contributions
are presented in % of the total energy production cost of that configuration, i.e the sum
of all contributions is always equal to 100%. The explanations of the abbreviations in
table 5.2 are found in figure 5.8.

In figure 5.8 the components of the energy production cost are shown for the refer-
ence small AC wind park.
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Table 5.1: Reference wind park and the variations.
Parameter Reference

Transmission length 40 2 40 80
Transmission voltage 45 22 33 45

Power level 60 60 100 160
Wind turbine type DFIG DFIG Fix speed
Average wind speed 10 5 6 10

Table 5.2: Reference wind park and the variations.
Case type WT C WT L TM C TM L LG

Ref case 59.9 7.6 21.6 3.5 7.4

Length = 2 81 7.6 3.2 0.5 7.8
Length = 80 42.6 7.6 38.5 5 6.3

Voltage = 20 49.8 7.6 30.1 6.5 6
Voltage = 30 55.2 7.6 25.7 4.3 7.1

Power = 100 59.8 7.6 20.9 2.9 8.8
Power = 160 61.2 7.6 19.7 3.2 8.3

Fix speed 58.7 7.5 23.6 2.9 7.3

Wind speed = 5 59.2 10.3 21.3 2 7.2
Wind speed = 6 59.6 9.2 21.5 2.5 7.3

Influence of transmission length on the energy production cost

From figure 5.7 it can be noticed that the energy production cost increases when the
transmission distance increases. This is, of course, due to the fact that the cost of the
transmission system increases when the transmission length increases. This can also
be seen in table 5.2 where the components of the energy production cost are shown for
the reference wind park and for two different transmission lengths. From table 5.2 it
is seen that both the investment cost and the cost of the losses for the transmission
system increase when the transmission length increases.

Influence of transmission voltage

From figure 5.7 it can be seen that the energy production cost decreases with increasing
transmission voltage. This is due to the fact that the cost of the transmission system is
decreasing with an increasing transmission voltage as can be noticed in table 5.2. The
decrease of the cost of the transmission system depends on that the number of needed
radials decreases when the transmission voltage increases and therefore the number of
parallel transmission cables decreases. The reason is that the number of wind turbines
per radial increases when the transmission voltage increases, compere figures 5.5 and
5.6. From table 5.2 it can also be noticed that the cost of the local wind turbine grid
increases when the transmission voltage increases. This is due to the fact that the VA
rating of the cables increases when the voltage increases, due to that the number of
wind turbines per radial increases with increasing voltage as noticed before.
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Figure 5.8: The energy production cost divided into components for the small AC wind
farm for the reference case.

Where
WT C Investment cost of the wind turbine
WT L Cost of the losses in the wind turbine
TM C Investment cost of the transmission system
TM L Cost of the losses in the transmission system
LG Investment and loss cost of the local wind turbine grid

Influence of rated power of the wind park

In table 5.2 the division of the energy production cost into components are also shown
for three different power levels. A closer inspection reveals that the different contri-
butions from the parts is almost equal for all power levels. But worth emphasizing
again is that the energy production cost decreases when the power of the wind park
increases.

Influence of the average wind speed

As was earlier presented, due to the increase in energy production, the energy pro-
duction cost decreases when the average wind speed increases. From table 5.2 it can
be noticed that the cost for the losses in the transmission system increases with an
increasing average wind speed and the cost for the losses in the wind turbine decreases.
This is mainly due to that the ratio between the load losses and the no-load losses for
the transmission system is much larger then the same ratio for the wind turbine.
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Influence of wind turbine type

As has been noticed from figure 5.7 the energy production cost for the wind park
with wind turbines using the DFIG system is lower up to 80km. This is due to that
the fix speed wind turbines require a transmission system that can support them with
reactive power from the grid and therefore this system requires a larger conductor area.
Therefore the cost of the transmission system is higher for the wind park with fix speed
wind turbines, as can be observed in table 5.2.

5.3 Large AC park

In this section, the large AC wind park is investigated in detail.

5.3.1 Configuration selections

In the same way as for the small AC wind park some selections are made to limit the
number of parameters. The transformer size is chosen in the same way as for the small
AC wind park i.e. the rated power for the transformer is equal to the rated power
of the wind park. The voltage for the local wind turbine grid is chosen to 33kV, the
voltage level used at the Horns Rev offshore wind park. The number of wind turbines
per radial can be calculated in the same way as for the small AC wind park and the
result from this calculation can be approximated with the results from figures 5.5 and
5.6 if the transmission distance is put to zero. The selected number of wind turbines
per radial and the number of radials are presented in table 5.10 for the different power
levels.

Table 5.3: Number of wind turbines per radial and the numbers of radials for the large
AC wind park.

Power level WT/Rad Rad
60MW 10 3
100MW 10 5
160MW 10 8
300MW 15 10

For the transmission cable it was shown that the cable should be over-dimensioned
for short distances. The over-dimensioning decreases with increasing transmission dis-
tance and it also decreases with increasing power levels of the wind park. Since the
smallest distances are not of such great interest and also to simplify the calculations, the
cable with the smallest conductor area that can handle the current is used throughout
this work.

5.3.2 Energy production cost for the different configurations

of the large AC wind park

By using the above mentioned selections and the cost and loss functions from appen-
dices C and B, the energy production cost of the large AC wind farm can be calculated
for different transmission lengths. In figure 5.9 the energy production cost of the
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100MW large AC wind farm is shown for different voltage levels, wind turbine types
and for an average wind speed of 10m/s. From figure 5.9 it can be seen that the best
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Figure 5.9: The normalized energy production cost for the different configurations of
the large AC system. For a 100MW wind park, an average wind sped of 10m/s and for
different transmissions lengths. Solid fix speed wind turbines and dashed wind turbines
with the DFIG system.

wind park configuration of the 100MW large AC wind park is the one with a transmis-
sion voltage of 132kV and wind turbines with the DFIG system. For all investigated
wind park sizes, the wind turbine with the DFIG system is the best. But the ideal
transmission voltage is depending on the power level of the wind park. For the 60MW
wind park the 132kV transmission system is the ideal. But for the 160MW and the
300MW wind park the 220kV transmission system is better. For the 160MW wind
park the difference between the 220kV system and the 132kV system is small. But for
the 300MW park the only system that works is the 220kV system.

To make the discussion of the dependency of the energy production cost on different
parameters more clear, one of the large AC wind park layouts has been selected as a
reference and then one parameter at the time has been changed. Table 5.4 shows the
selected reference wind park and the parameters that are varied.

In table 5.5 the different contributions to the energy production cost are shown for
the different parameter variations from the reference case. The different contributions
are presented in % of the total energy production cost of that configuration, i.e the sum
of all contributions is always equal to 100%. The explanations of the abbreviations in
table 5.5 are found in figure 5.10. The cost of the other components, mark with O in
table 5.5, the costs of the low and high voltage switch gear is included together with
the cost of the cable compensating inductors and the transformer.
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Table 5.4: Reference wind park and the variations.
Parameter Reference

Transmission length 100km 30 100 175
Transmission voltage 132kV 60 132 220

Power level 100MW 60 100 160
Wind turbine type DFIG DFIG Fix speed
Average wind speed 10m/s 5 6 10

Table 5.5: Reference wind park and the variations.
Case type WT C WT L LG TM L TM C O PL

Ref case 51.3 7.6 7.5 3.1 25.1 1.4 4

Length = 30 65.9 7.6 9.5 0.9 9.7 1.2 5.2
Length = 175 40.7 7.6 6 6.1 34.9 1.5 3.2

Voltage = 60 44.7 7.6 6.6 4.3 32.2 1.1 3.5
Voltage = 220 46.9 7.6 6.9 1 31.8 2.1 3.7

Power = 60 44.7 7.6 6 3.2 32.9 1.6 4
Power = 160 53.7 7.6 8.2 2.1 23.4 1.2 3.9

Fix speed 51.1 7.5 7.5 3.5 25 1.4 4

Wind speed = 5 50.1 10.2 7.2 2.2 24.6 1.8 3.9
Wind speed = 6 50.7 9.2 7.3 2.4 24.8 1.6 4

In figure 5.10 the components of the energy production cost are shown for the
reference large AC wind park.

Influence of transmission length on the energy production cost

From figure 5.9 it can be noticed, not surprisingly, that the energy production cost
increases when the transmission distance increases. This can also be seen in table 5.5,
where the components of the energy production cost is shown for the reference wind
park and for two different transmission lengths. From table 5.5 it is seen that both the
investment cost and the cost of the losses for the transmission system increases when
the transmission length increases.

Influence of transmission voltage

From figure 5.9 it has been noticed that the ideal transmission voltage is 132kV for the
100MW large AC wind park. In table 5.5 it is noticed that the 132kV transmission
system has the lowest investment contribution to the energy production cost. Another
thing that can be noticed is that the cost of the losses in the transmission system
decrease with increasing transmission voltage, due to that the current decreases. The
contribution of the other components increases with the transmission voltage. This is
due to that the cost of the high voltage protections increases with the voltage, se ap-
pendix C.6 and that the investment cost and the cost of the losses for the compensating
inductance of the cable increase, see appendix C.4 and B.5.3. The fact that the cost
of the compensating inductance increase is due to that the reactive power production
of the cable increases with the voltage B.5.1.
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Figure 5.10: The energy production cost divided into components for the large AC
wind farm for the reference case.

Where
WT C Investment cost of the wind turbine
WT L Cost of the losses in the wind turbine
TM C Investment cost of the transmission system
TM L Cost of the losses in the transmission system
LG Investment and loss cost of the local wind turbine grid
PL Investment cost of the offshore platform
O Investment and loss cost of the other components

Influence of rated power of the wind park

The pattern is the same as before, the energy production cost decreases with an in-
creased rated power of the wind park. This can be seen in table 5.5, where the com-
ponents of the energy production cost is shown for different power levels. The energy
production cost decreases due to that the contribution from the transmission system
decreases.

Influence of wind turbine type

As can be noticed from figure 5.9 there is no large difference between the fix speed wind
turbine and the DFIG wind turbine for the 132kV and 220kV transmission voltage.
But for the 66kV transmission voltage there is a large difference, above 60km the fix
speed system can not be used. This is due to the reactive power consumption of the fix
speed wind turbine. As can be noticed from figure C.3 the cost of the 66kV increases
rapidly when the rated power is increased over 100MVA. Due to the reactive power
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consumption of the fix speed wind turbine, a transmission cable with an higher rating
must be used in this case and due to the high derivative of the 66kV cable cost there is a
large difference between the fix speed and the DFIG wind turbine for this transmission
voltage and for 100MW rating of the wind park. As also can be noticed from figure C.3
the derivative of the cable cost for the 132kV and 220kV cable around 100MVA is low
and therefore the increased rated power of the transmission cable for the fix speed wind
turbine does not affect the energy production cost much. As can be seen from table 5.5
it is only the losses in the transmission system that is higher for the fix speed wind
turbine compared with the DFIG wind turbine.

Influence of average wind speed

In the same way as for the small AC wind park there is a small variation in the cost of
the wind turbine losses and the transmission losses for different average wind speeds.
As has been noticed before, the cost for the losses in the transmission system increases
with an increasing average wind speed and the cost for the losses in the wind turbine
decreases. This is, as mentioned before, mainly due to that the ratio between the load
losses and the no-load losses for the transmission system is much larger then the ratio
for the wind turbine.
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5.4 AC/DC Park

In this section, the AC/DC wind park is studied in detail. First some selections are
made to limit the number of cases and then the energy production cost is discussed for
the different configurations of the AC/DC wind park.

5.4.1 Configuration selections

With the same technique as for the transformer size for the small AC wind park, the
ideal size of the converter stations can be calculated. The cost models and loss models
of the converter stations are shown in appendix C.5 and B.6.2. In figure 5.11 the
results from these calculation are shown. From figure 5.11 it is noticed that the station
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Figure 5.11: Rated power of the HVDC-station in p.u. of the rated power of the
wind park as function of the average wind speed for different investment factors. Solid
BI = 12 and dashed BI = 24.

should ideally have a rated power lower then the rated power of the wind park to be
ideal. This is due to the fact that the reduction of cost for the losses is smaller then
the increase of the investment cost when the rated power of the converter station is
increased. Since this is not possible, the rated power of the converter station is selected
equal to the rated power of the wind park.

For the DC cable is was found that it should be over-dimensioned to minimize the
contribution to the energy production cost. The over-dimension increased with increas-
ing transmission voltage, increasing transmission length, increasing average wind speed
and with decreasing rated power of the wind park. However, since a discrete number
of conductor areas are used, the cables will almost in all cases be over-dimensioned and
due to the fact that it was found that the losses of the transmission cable has a minor
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contribution to the energy production cost, the rating of the cable is set as close to the
rating of the wind park as possible.

The local wind turbine grid for the large AC wind park is used for the AC/DC wind
park also. Which means that the number of wind turbines per radial is presented in
table 5.10 and the voltage level is 33kV.

5.4.2 Energy production cost for the different configurations
of the AC/DC wind park

With these selections the energy production cost for the different configurations of the
AC/DC wind park are calculated. In figure 5.12 the energy production cost of the
300MW AC/DC wind farm is shown for different voltage levels, wind turbine types
and for an average wind speed of 10m/s. From figure 5.12 it is noticed that 150kV
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Figure 5.12: The normalized energy production cost for the different configurations of
the AC/DC system. For a 300MW wind park, an average wind sped of 10m/s and for
different transmissions lengths. Solid fix speed wind turbines, dashed wind turbines
with the DFIG system and dotted fix speed wind turbines speed controlled with the
offshore converter station.

is the best voltage level to use and the wind turbine using the DFIG system is to
prefer. For all power levels, the wind turbine with the DFIG system is to prefer. The
ideal voltage level for transmission is depending on the power level. For the 60MW
wind park, the 115kV transmission voltage is to prefer and for the 100MW wind park
115kV is to prefer up to a transmission length of 150km. For the 100MW wind park
for transmission lengths above 150km and for the 160MW and 300MW wind park the
150kV transmission voltage is to prefer.
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To make the discussion of the dependency of the energy production cost on different
parameters more clear, one of the AC/DC wind park layouts has been selected as a
reference and then one parameter at the time has been changed. Table 5.6 shows the
selected reference wind park and the parameters that are varied. The wind turbine

Table 5.6: Reference wind park and the variations.
Parameter Reference

Transmission length 100km 30 100 175
Transmission voltage 150kV 80 115 150

Power level 300MW 100 160 300
Wind turbine type DFIG DFIG Fix speed Fix variable
Average wind speed 10m/s 5 6 10

type Fix variable in table 5.6 is a fix speed wind turbine with only one large generator,
with a rated power of 2MW. In this case all wind turbines in the wind park are speed
controlled with the offshore converter station, the voltage is also controlled to reduce the
iron losses in the generators, in the same way as for the wind turbine with induction
generator and a full power converter in section 4.1.3. Using this system, collective
variable speed and field weakening can be obtained, still the simple construction of the
fix speed wind turbine is utilized [6, 45].

In figure 5.13 the components of the energy production cost are shown for the refer-
ence wind park. From figure 5.13 it can be noticed that the contribution to the energy
production cost from the transmission system, TM C+TM L, is much lower compared
to the large AC wind park. But it shall also be noticed that the converter stations
have a significant contribution to the energy production cost. In table 5.7 the differ-
ent contributions to the energy production cost are shown for the different parameter
variations from the reference case. The different contributions are presented in % of
the total energy production cost of that configuration, i.e the sum of all contributions
is always equal to 100%. The explanations of the abbreviations in table 5.7 are found
in figure 5.13.

Table 5.7: Reference wind park and the variations.
Case type WT C WT L LG TM C TM L ST C ST L PL

Ref case 54.5 7.6 9.7 9.5 1 9.5 4.6 3.6

Length = 30 59.5 7.6 10.6 3.1 0.3 10.3 4.6 4
Length = 175 49.9 7.6 9 15.3 1.7 8.7 4.6 3.3

Voltage = 80 52.4 7.6 9.4 11.7 1.7 9.1 4.6 3.5
Voltage = 115 53.5 7.6 9.6 10.7 1.1 9.3 4.6 3.6

Power = 100 49.4 7.6 7.2 16.5 2.2 8.6 4.6 3.9
Power = 160 52.9 7.6 8.1 12.1 1.7 9.2 4.6 3.8

Fix 53.7 7.5 10.3 9.4 1 9.9 4.6 3.6
Fix V 54 7.2 9.8 9.4 1 9.9 5 3.6

Wind speed = 5 53.6 10.3 9.3 9.4 0.5 9.3 4.1 3.6
Wind speed = 6 54 9.2 9.5 9.5 0.7 9.4 4.2 3.6

The variations in the contribution to total the energy production cost from the dif-
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Figure 5.13: The energy production cost divided into components for the AC/DC wind
farm for the reference case.

WT C Investment cost of the wind turbine
WT L Cost of the losses in the wind turbine
LG Investment and loss cost of the local wind turbine grid
TM C Investment cost of the transmission system
TM L Cost of the losses in the transmission system
ST C Investment cost of the two converter stations
ST L Cost of the losses in the two converter stations
PL Investment cost of the offshore platform

ferent components from variations in the transmission length, the transmission voltage,
rated power of the wind park and the average wind speed can be explained in the same
way as for the large AC wind park.

As has already been seen in figure 5.12 the wind turbine with the DFIG system is
the best suitable. From table 5.7 it is seen that the configuration with the fix speed
wind turbine, Fix, the wind turbine losses contributes less to the energy production cost
then for the wind turbine with the DFIG system. But the local grid contributes with
more for the fix speed system, which is due to the reactive power. For the configuration
with the fix speed wind turbines controlled by the offshore station, Fix V, it can be
seen that the contribution from the wind turbine losses is reduced compared with the
case with wind turbine with the DFIG system. But the gain is lost in an increased
contribution from the converter station losses. This is due to the fact that the control
of the system is designed to reduce the losses in the wind turbine only. A better, but
more complicated way is to use a control that reduces the losses in the whole local grid
(wind turbines, cables and offshore converter station).
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5.5 Small DC park, local grid for transmission

In this section the small DC wind park is studied in detail. First some selections are
made to limit the number of cases and then the energy production cost is discussed for
the different configurations of the small DC wind park.

5.5.1 Configuration selections

With the same technique as for the AC transformer size in the small AC wind park
the size of the DC transformer can be calculated. The cost models and loss models
of the DC transformer are shown in appendix C.5 and B.6.4. The ideal size of the
DC transformer is shown in figure 5.14. From figure 5.14 it is noticed that the DC
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Figure 5.14: Rated power of the DC-transformer in p.u. of the rated power of the
wind park as function of the average wind speed for different investment factors. Solid
BI = 12 and dashed BI = 24.

transformer should ideally have a rated power lower then the rated power of the wind
park to be ideal. Since this is not possible, the rated power of the DC transformer is
selected equal to the rated power of the wind park. In the same way as for the AC/DC
wind park the rated power of the converter station is selected equal to the rated power
of the wind park.

In the same way as for the small AC wind park the ideal number of wind turbine per
radial can be calculated. The results from this calculation is shown in figure 5.15 for a
transmission voltage of 40kV, for different rated powers and for different transmission
lengths. Due to the same reasons as for the small AC wind park, the number of wind
turbines per radial is not a free choice. Therefore the grey curves in figure 5.15 describe
the used number of wind turbines per radial. As can be noticed, the number of wind
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Figure 5.15: Number of wind turbines per radial for 40kV transmission voltage. Black
theoretical curve and grey actual curve. Solid 60MW park, dashed 100MW, dash-
dotted 160MW and dotted 300MW wind park.

turbines increases with the transmission length, in order to reduce the number of radials
and thereby reduce the number of transmission cables. This is due to the fact that
when the transmission length is long, it is expensive to put in an extra transmission
cable. In the same way as for the small AC wind park the actual rated power of
the wind park is allowed to vary somewhat around the desired rated power when the
number of wind turbines per radial and the number of radials are selected.

Again it was found that the transmission cables should be over-dimensioned for
short transmission distances in order to minimize the contribution to the energy pro-
duction cost. But the over-dimensioning decreases with increasing transmission lengths.
Therefore the rating of the transmission cables is set equal to the rated power of the
radial, as before.

5.5.2 Energy production cost for the different configurations

of the small DC wind park

With these selections, the energy production cost for the different configurations of the
small DC wind park are calculated. In figures 5.1 and 5.2 the energy production cost
of the 60MW and the 160MW small DC wind farm are shown (solid grey line) for an
average wind speed of 10m/s.

As in the earlier sections, one of the small DC wind park layouts has been selected
as a reference and then one parameter at the time has been changed. Table 5.8 shows
the selected reference wind park and the parameters that are varied.
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Table 5.8: Reference wind park and the variations.
Parameter Reference

Transmission length 40km 2 40 80
Transmission voltage 40kV

Power level 60MW 60 100 160
Wind turbine type Boost
Average wind speed 10m/s 5 6 10

In figure 5.16 the components of the energy production cost are shown for the ref-
erence wind park. From figure 5.16 it can be noticed that the converter station and
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Figure 5.16: The energy production cost divided into components for the small DC
wind farm for the reference case.

WT C Investment cost of the wind turbine
WT L Cost of the losses in the wind turbine
LG Investment and loss cost of the local wind turbine grid
TM C Investment cost of the transmission system
TM L Cost of the losses in the transmission system
tr C Investment cost of the DC transformer
tr L Cost of the losses in the DC transformer
ST C Investment cost of the converter station
ST L Cost of the losses in the converter station

the DC transformer has a significant contribution to the energy production cost. In
table 5.9 the different contributions to the energy production cost are shown for the
different parameter variations from the reference case, see figure 5.16 for the abbrevi-
ations in the table. The different contributions are presented in % of the total energy
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production cost of that configuration.

Table 5.9: Reference wind park and the variations.
Case type WT C WT L LG TM C TM L tr C tr L ST C ST L

Ref case 54.6 5.9 5.6 19 1.3 4.8 2.4 4.8 1.6

Length = 2 69.6 5.9 4.6 3.4 0.2 6.1 2.5 6.1 1.6
Length = 80 43.2 5.9 6.7 30.6 2.1 3.8 2.4 3.8 1.5

Power = 100 55.8 5.9 6.2 17.2 1.2 4.9 2.4 4.9 1.6
Power = 160 56 5.9 7 16.3 1.1 4.9 2.4 4.9 1.6

Wind speed = 5 55.2 5.6 5.6 19.2 0.7 4.8 2.5 4.8 1.6
Wind speed = 6 55.2 5.5 5.6 19.2 0.9 4.8 2.4 4.8 1.6

From table 5.9 it is seen that the contribution from the local wind turbine grid, LG,
increases when the transmission length increases, which was expected. This is due to
the fact that the number of wind turbines per radial increases when the transmission
length increases, see figure 5.15. The increase of number of wind turbines gives that
the conductor area must increase and therefore the cost of the cables in the local wind
turbine grid increases, appendix C.4.

In table 5.9 it is also seen that when the rated power of the wind park increases,
the contribution from the local wind turbine grid increases. This is also due to the
fact that the number of wind turbines per radial increases when the rated power of the
wind park increases. The contribution from the transmission system decreases due to
the decrease of the number of radials.

The variations in the energy production cost due to the average wind speed can be
explained in the same way as for the small AC wind park.

58



5.6 Large DC Park

In this section the large DC wind park is studied in detail. As in the previous chap-
ters, first some selections are made to limit the number of cases and then the energy
production cost is discussed for the different configurations of the large DC wind park.

5.6.1 Configuration selections

In the same way as before some selections are made to limit the number of parameters.
The DC transformer size and the converter station is chosen in the same way as for the
small DC wind park i.e. the rated powers for the DC transformer and the converter
station are equal to the rated power of the wind park. The number of wind turbines
per radial for the large wind park with one DC transformer step can be calculated in
the same way as for the small DC wind park and the result from this calculation can
be approximated with the results from figure 5.15 if the transmission distance is put
to zero. The selected number of wind turbines per radial and the number of radials for
the large DC wind park with one DC transformer step is presented in table 5.10 for
the different power levels. In table 5.10 the number of turbines per radial, the number
of radials per cluster and the number of clusters in the large DC wind park with two
DC transformer steps are also shown. The number of radials per cluster is the same
as is used in [32] for this type of two step DC wind park.

Table 5.10: Number of wind turbines per radial (WT/Rad) and the numbers of radials
(NRad) for the large DC wind park.

One step Two steps
Power level WT/Rad NRad WT/Rad Rad/Cluster Cluster

60MW 10 3 1 5 6
100MW 10 5 1 5 10
160MW 10 8 1 5 16
300MW 15 10 1 6 25

Due to the same reasons as for the AC/DC wind park, it was found that the
transmission cable should be over-dimensioned. The over-dimension increased with
increasing transmission voltage, increasing transmission length, increasing average wind
speed and with decreasing rated power of the wind park. But as for the other types of
wind parks the rating of the cable is set equal to the rating of the wind park.

5.6.2 Energy production cost for the different configurations
of the large DC wind park

With these selections the energy production cost for the different configurations of
the large DC wind park is calculated. In figure 5.17 the energy production cost of
the 300MW large DC wind farm is shown for different voltage levels, wind turbine
types and for an average wind speed of 10m/s. From figure 5.17 it is noticed that
150kV is the best voltage level to use and that the wind park configuration with only
one DC transformer step is to prefer, for all power levels. The ideal voltage level for
transmission is depending on the power level. For the 60MW wind park the 115kV is
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Figure 5.17: The normalized energy production cost for the different configurations of
the large DC system, solid lines one DC transformer step and dashed lines two DC
transformer steps. For a 300MW wind park, an average wind sped of 10m/s and for
different transmissions lengths.

to prefer and for the 100MW wind park 115kV is to prefer up to a transmission length
of 145km. For the 100MW wind park for transmission lengths above 145km and for
the 160MW and 300MW wind park the 150kV transmission voltage is to prefer.

To make the discussion of the dependency of the energy production cost on different
parameters more clear, one of the large DC wind park layouts has been selected as a
reference and then one parameter at the time has been changed. Table 5.11 shows the
selected reference wind park and the parameters that are varied.

Table 5.11: Reference wind park and the variations.
Parameter Reference

Transmission length 100km 30 100 175
Transmission voltage 150kV 80 115 150

Power level 300MW 100 160 300
Wind park type One step One step Two step

Average wind speed 10m/s 5 6 10

In figure 5.18 the components of the energy production cost are shown for the
reference wind park. If this reference case is compared with the reference case for the
large AC wind park, table 5.5, it can be noticed that the DC transmission system has
a lower contribution to the energy production cost then the AC transmission system
has. From figure 5.18 it can also be noticed that the converter station and the DC

60



WT C

WT L

LG  

TM L

TM C

tr C

tr L

ST C
ST LPL  

Figure 5.18: The energy production cost divided into components for the large DC
wind farm for the reference case.

WT C Investment cost of the wind turbine
WT L Cost of the losses in the wind turbine
LG Investment and loss cost of the local wind turbine grid
TM C Investment cost of the transmission system
TM L Cost of the losses in the transmission system
tr C Investment cost of the DC transformer
tr L Cost of the losses in the DC transformer
ST C Investment cost of the converter station
ST L Cost of the losses in the converter station
PL Investment cost of the offshore platform

transformer has a significant contribution to the energy production cost. In table 5.12
the different contributions to the energy production cost are shown for the different
parameter variations from the reference case, se figure 5.18 for explanations for the
abbreviations in the table. The different contributions are presented in % of the total
energy production cost of that configuration.

The variations in the energy production cost due to the variations in transmission
voltage, rated power of the wind park and in the average wind speed can be explained
in the same way as for the AC/DC wind park.

One observation that can be made from table 5.12 is that the increase in the con-
tribution from the transmission system is less compared to the large AC wind park.
The increase can be explained in the same way as for the AC/DC wind park.

As already has been noticed, the system with two steps of DC transformers has a
much higher energy production cost then the system with only one step. This is due
to the reason that the contribution from the offshore platforms and DC transformers
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Table 5.12: Reference wind park and the variations.
Case type WT C WT L LG TM L TM C tr C tr L ST C ST L PL

Ref case 57.2 5.9 7.8 1.1 10 5 2.5 5 1.6 3.8

Length = 30 62.7 5.9 8.6 0.3 3.3 5.5 2.5 5.5 1.6 4.2
Length = 175 52.3 5.9 7.2 1.9 16.1 4.6 2.5 4.6 1.5 3.5

Voltage = 80 55 5.9 7.5 2 12.3 4.8 2.5 4.8 1.5 3.7
Voltage = 115 56.2 5.9 7.7 1.3 11.3 4.9 2.5 4.9 1.6 3.8

Power = 100 51.6 5.9 5.6 2.6 17.2 4.5 2.6 4.5 1.5 4
Power = 160 55.2 5.9 6.5 2 12.7 4.8 2.5 4.8 1.5 4

Two step 44.2 7.4 9.7 1 7.8 7.7 4.8 3.9 1.5 12.1

Wind speed = 5 57.8 5.5 7.8 0.6 10.1 5 2.6 5 1.6 3.9
Wind speed = 6 57.8 5.4 7.9 0.7 10.1 5 2.5 5 1.6 3.9

is higher for the two step, as could have been expected. The rest of the results shows
the same pattern as presented in previous sections.
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5.7 DC Park with series connected wind turbines

In this section the energy production cost of the DC park with series connected wind
turbines is studied in detail.

5.7.1 Configuration selections

For the series DC wind park the onshore converter station and the DC transmission
cable is selected in the same way as for the large DC wind park i.e the converter station
and the DC transmission cable has a rated power equal to the rated power of the wind
park.

The ideal number of wind turbines per leg can not be calculated in the same way
as for the ideal number of wind turbines per radial. This is due to the fact that in
this work there is no difference in the cost of the DC/DC converters when the output
voltage is changed. Therefore the efficiency of the wind turbine DC/DC converter
is only studied. The efficiency will be dependent on the maximum allowed failure
ratio, maximum number of non producing wind turbines divided with the number of
producing wind turbines per leg, of the wind turbines in one leg. This is due to the fact
that the producing wind turbines in a leg must compensate for the zero output voltage
of the non producing wind turbines by increasing their output voltage. This means that
the DC/DC converters in the wind turbines must be overrated in the output voltage
and this gives a lower efficiency. This can be seen in figure 5.19 where the average
efficiency of the wind turbine DC/DC converter is shown for different average wind
speeds. In this work a maximum failure ratio of 13 to 20% is used.

In general, the cost of the DC/DC converter in the wind turbine should increase
with an increasing rated output voltage. This gives that the number of wind turbines
per leg should be as high as possible and the failure ratio as low as possible to keep
the output voltage as low as possible. In table 5.13 the used number of wind turbines
per leg and the number of legs for the different power levels are shown.

Table 5.13: Number of wind turbines per leg and the numbers of legs for the series DC
wind park.

Power level WT/leg leg
60MW 30 1
100MW 25 2
160MW 20 4
300MW 30 5

5.7.2 Energy production cost for the different configurations
of the series DC wind park

With these selections the energy production cost for the different configurations of the
series DC wind park are calculated. In figure 5.20 the energy production cost of the
300MW series DC wind farm is shown for different voltage levels, maximum allowed
number of non-working wind turbines and for an average wind speed of 10m/s. From
figure 5.20 it can be noticed that the three voltage levels crosses each other. This
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Figure 5.19: The efficiency of the wind turbine DC/DC converter as function of the
maximum allowed failure ratio for different average wind speeds. Solid 5m/s, dashed
6m/s, dash-dotted 8m/s and dotted 10m/s.

means that the 80kV transmission is best for short transmission distances, the 150kV
transmission voltage is best suitable for long transmission distances and the 115kV for
distances in between. When the rated power of the wind park decrease, the crossover
point increases. For example, for the 100MW wind park the 80kV is best up to 35km
and the 150kV is best above 185km.

To make the discussion of the dependency of the energy production cost on different
parameters more clear, one of the series DC wind park layouts has been selected as a
reference and then one parameter at the time has been changed. Table 5.14 shows the
selected reference wind park and the parameters that are varied.

Table 5.14: Reference series DC wind park and the variations.
Parameter Reference

Transmission length 100km 30 100 175
Transmission voltage 150kV 80 115 150

Power level 300MW 100 160 300
Max number of failed WT 4 4 8

Average wind speed 10m/s 5 6 10

In figure 5.21 the components of the energy production cost are shown for the
reference wind park. By comparing figure 5.21 and figure 5.18 it can be noticed that
the series wind park has less components that contributes to the energy production
cost then the large DC wind park has. Since the number of wind turbines is the same
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Figure 5.20: The normalized energy production cost for the different configurations
of the series DC system. For a 300MW wind park, an average wind sped of 10m/s
and for different transmissions lengths. Solid maximum 4 failed wind turbines per leg,
dashed maximum 8 failed wind turbines per leg.

for both configurations and their cost is assumed to be the same, see appendix C.2, it
can be noticed that the energy production cost for the series DC wind park must be
lower. This is based on the fact that the wind turbines contributes more to the energy
production cost in the series wind park compared to the large DC wind park.

In table 5.15 the different contributions to the energy production cost are shown for
the different parameter variations from the reference case, se figure 5.21 for explanations
for the abbreviations in the table. The different contributions are presented in % of
the total energy production cost of that configuration.

The same pattern as for the large DC wind park can be noticed also for the varia-
tions in the energy production cost due to variations in transmission length, transmis-
sion voltage, rated power of the wind park and in the average wind speed.

For the failure ratio it can be noticed from figure 5.20 that an increasing failure
ratio increases the energy production cost. This is due to the fact that the losses in
the wind turbine increases, see table 5.15. This increase is caused by the decrease in
efficiency in the DC/DC converter as mention before.
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Figure 5.21: The energy production cost divided into components for the series DC
wind farm for the reference case.

WT C Investment cost of the wind turbine
WT L Cost of the losses in the wind turbine
LG Investment and loss cost of the local wind turbine grid
TM C Investment cost of the transmission system
TM L Cost of the losses in the transmission system
ST C Investment cost of the converter station
ST L Cost of the losses in the converter station

Table 5.15: Reference wind park and the variations.
Case type WT C WT L LG TM L TM C ST C ST L

Ref case 66.8 7.8 5.6 1 11.5 5.7 1.6

Length = 30 74 7.8 6.2 0.3 3.8 6.3 1.6
Length = 175 60.4 7.8 5.1 1.8 18.2 5.2 1.6

Voltage = 80 63.8 7.8 5.4 1.8 14.1 5.5 1.6
Voltage = 115 65.4 7.8 5.5 1.2 12.9 5.6 1.6

Power = 100 59 7.8 4.9 2.3 19.3 5 1.5
Power = 160 63.6 7.9 5.3 1.9 14.3 5.4 1.6

Num fail = 8 66.6 8 5.6 1 11.5 5.7 1.6

Wind speed = 5 67.4 7.6 5.5 0.6 11.6 5.8 1.6
Wind speed = 6 67.4 7.4 5.6 0.7 11.6 5.8 1.6
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Chapter 6

Conclusions

For the main components in a wind park, cost and loss models has been evaluated.
The purpose has been to calculate the energy production cost of the different wind
park configurations.

For the wind park configurations that utilizes DC at different levels, some sort of
DC/DC converters are necessary. There are two main types of DC/DC converters
that are needed, a voltage adjusting DC/DC converter and a DC transformer. The
voltage adjusting converter should be able to handle a varying input voltage down
to approximately 40% of the rated, while keeping the output voltage constant. The
DC transformer works with a relatively fixed transformer ratio between the input and
output voltage, the variations are less then 10%. To select the best DC/DC converter
topology for these two types, a theoretical investigation of the utilization factor of
the semiconductors was performed for various DC/DC converter topologies. From
this investigation, the boost converter was selected for voltage adjusting operation, if
the transformation ratio from rated input to rated output voltage is less then 5. If
the transformation ratio is higher then this, or if galvanic isolation between the wind
turbine and the DC grid is desired, the full bridge isolated boost converter is selected.
This is due to that the full bridge isolated boost converter is better utilized in this
voltage adjusting application then the full bridge converter. For the DC transformer
the full bridge converter is chosen.

Some different configurations of the drive train for wind turbines were investigated
for the energy capture of wind turbines. In this investigation it was found that the
difference between the investigated systems was quite small. For the AC wind turbines,
the fix speed system and the doubly feed induction generator system were selected. For
the DC wind turbines, the system with a low speed permanently magnetized generator
and a boost converter is used. In the series connected DC wind park, a system with a
low speed permanently magnetized generator and a full bridge isolated boost converter
is used. The result found was that given a specific rotor diameter, the energy capture
is almost the same regardless of the system used. The selection of the system to be
used thus depend on other factors.

Six different types of electrical configurations of wind parks has been investigated
for the energy production cost. The investigate types are
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Small AC Where the local wind turbine grid is used for transmission
Large AC Which has a low voltage grid between the wind turbines and has a central

transformer on an offshore platform for increasing the voltage level
to a level suitable for transmission to the PCC

AC/DC Similar to the Large AC wind park but with the difference that the
transmission is made using DC instead of AC

Small DC Similar to the Small AC wind park but with the difference that the wind
turbine has a DC voltage output

Large DC Similar to the Large AC wind park but with the difference that the wind
turbine has a DC voltage output

Series DC Uses series connected wind turbines with a DC voltage output

The investigation is done for different rated wind park powers, different transmission
lengths and different average wind speeds.

The results regarding the energy production cost for the AC wind parks was as
expected. The small AC wind park was best for short transmission distances (up to
approximately 20km) and the AC/DC wind park was best for long distances (above
approximately 130km). The large AC wind park is best in between the small AC and
the AC/DC wind park.

For the DC wind parks the results was somewhat surprising, except for the small
DC wind park, where it was found that it is not a good solution, due to the high
costs of the converter station and DC transformers. For the large DC wind park it
was found that it is better then the AC/DC wind park. This is due to that the DC
cables are cheaper then the AC cables. But the reduction in the energy production
cost is not so large, which gives that the large AC wind park is still better for shorter
transmission distances. The most surprising results was for the series DC wind park.
This configuration shows very promising performance. The energy production cost
for the series DC wind park was the lowest for all the six investigated wind park
configurations for transmission lengths over 20km. For example, for a wind park with
a rated power of 160MW, a transmission length of 80km and a average wind speed
of 10m/s it was found that the series DC wind park has a energy production cost of
0.86p.u. The large AC has an energy production cost of 0.97p.u, the AC/DC 0.98p.u
and the small AC and DC approximately 1.2p.u. The message can also be expressed
as: An increased investment cost of 13% can be allowed for the series DC park before
it gets a production cost equal to the large AC park, using the input data that was
available in this work

As expected, the energy production cost was strongly dependent on the average
wind speed. As an example, the energy production cost at an average wind speed
of 6.5m/s was twice as high as the cost for an average wind speed of 10m/s. It was
also found that the energy production cost decreases when the power of the wind park
increases.

By comparing the contribution to the energy production cost from the fix speed
wind turbine system with the wind turbine system using the DFIG system it was
found that for the configuration with the fix speed wind turbines, the wind turbine
losses contributes less to the energy production cost then for wind turbines using the
DFIG system. But the local grid contributes with more for the fix speed system, due
to the reactive power flow.

This work has presented necessary steps to determine the energy production cost.
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It should be stressed that the cost results, of course, depend strongly on the cost input
parameters. The aim here has been to present a determination strategy that can be of
value for further wind park design and cost studies.
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Appendix A

DC/DC Converters

There are many different DC/DC converter topologies. In this appendix some topolo-
gies will be presented and analyzed generally. The analysis is made with inspiration
from [17] and [32]. From this analysis the most interesting topologies will be chosen
for a more detail loss evaluation in appendix B.

A.1 Tasks for the DC/DC converters

There are three main functions for the DC/DC converter:
Voltage adjuster
DC-transformer
Series Converter

The voltage adjusting DC/DC converter is used in a wind turbine equipped with a
PM generator connected to a diode rectifier. The output voltage from the diode rec-
tifier will vary with the rotational speed of the generator, se appendix B.3.3. The
DC/DC converter is used to adjust (increase) this voltage to a fixed output voltage. In
figure A.1 the input voltage to the voltage adjusting converter is shown, solid line. As
can be noticed, the voltage increases linearly with the wind speed up to approximately
8m/s and then it drops to a constant level for higher wind speeds. But for the com-
ing analysis, in this appendix, of the different DC/DC converter topologies the input
voltage is approximated, somewhat crudely, by equation A.1, which is also shown in
figure A.1 as dashed line.

V =
ws

ws,V

for 0 ≤ ws ≤ ws,V (A.1)

= 1 for ws,V ≤ ws

Where:
V Input voltage [p.u.]
ws Wind speed [m/s]
ws,V Wind speed for rated voltage =8 [m/s]

In figure A.2 the input power to the voltage adjusting converter is shown, solid line. As
can be noticed, the power increases with the wind speed up to approximately 11.5m/s
and for higher wind speeds it is constant. For the coming analysis of the different
DC/DC converter topologies the input power is approximated by the following equa-
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Figure A.1: Input voltage to the voltage adjusting converter. Solid the real voltage,
dashed the approximation in equation A.1.
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Figure A.2: Input power to the voltage adjusting converter. Solid the real voltage,
dashed the approximation in equation A.2.
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tion, which is also shown in figure A.2 as dashed line.

P =
w3

s

w3
s,R

for 0 ≤ ws ≤ ws,R (A.2)

= 1 for ws,R ≤ ws

Where:
P Input power [p.u.]
ws Wind speed [m/s]
ws,R Wind speed for rated power =11.5 [m/s]

The DC-transformer is used to increase a fix DC-voltage to another fix DC-voltage.
The input power to the DC-transformer will be approximately as the solid line in
figure A.2 and will therefore be modulated with equation A.2.

The series converter is used if the wind turbines are connected in series in order
to obtain a voltage that is suitable for transmission directly without further transfor-
mation steps. The series converter will always work as a voltage adjusting converter.
This is due to the fact that the output voltage is directly related to the output power.
The reason is that the current through all wind turbines in one leg is the same. But
for the analysis in this appendix the voltage division between the wind turbines are
assumed to be ideal and therefore the output voltage is fix. Using this approximation,
two types of the series DC/DC converter can be identified, the voltage adjusting or the
DC transformer, depending on the interface between the generator and the converter.
If the interface is a diode rectifier it will work as a voltage adjuster and the input
voltage and power will be approximated with equation A.1 and A.2. If the interface
is a IGBT rectifier the series converter will work as a DC-transformer with a fix input
and output voltage and the input power will be approximated with equation A.2.

A.2 DC/DC Converter Topologies

In this section some hard switching topologies will be investigated, especially currents
and voltages in the converters are evaluated. Some advantages and drawbacks of the
topologies will also be presented. The utilization of the switches will also be calculated.
The utilization factor can be defined as in equation A.3.

U =
PRated

∑

allswitches V̂maxIRMS,max

(A.3)

Where:
U Utilization
PRated Rated power of the converter [W]

V̂max Maximum peak voltage over the device [V]
IRMS,max Maximum RMS current through the device [A]

From the equation A.3 it is seen that the utilization factor is a quantity that shall
be maximized in order to give the smallest rated power of the switch.

A.2.1 Boost Converter

The boost or step-up converter is common when no galvanic insulation is needed and for
moderate input/output voltage ratios. The converter is simple with few components, as
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can be seen in figure A.3. But the converter can only be used when the output voltage
Vout is higher then the input voltage Vin. The boost converter operates by repeatedly
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Figure A.3: Boost converter circuit.

storing energy in the inductor, L, during a period of time and during the other period
transfer it to the output. Energy is stored in the inductor when the switch, SW , is
on (conducting) and the energy is then transferred to the output when the switch is
off (blocking). During the time the switch is on, the output is supplied with energy
from the capacitor Cout. When energy is stored in the inductor, the current through
it increases and when energy is taken from it the current decreases. If the current is
always greater then zero then the converter is operated in the continuous current mode
(CCM) and if the current reaches zero the converter is operating in the discontinuous
current mode (DCM). If the ripple in the current through the inductor and in the
voltage over the capacitor are neglected, the current and voltage in the boost converter
can be drawn for CCM as in figure A.4, solid lines. In figure A.4 the ripple in the
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Figure A.4: Idealized voltages and current wave forms of the boost converter.

inductor current is also shown, dashed lines. In steady state, the mean value of the
voltage over the inductor and the mean value of the current through the capacitor must
be zero. Otherwise, energy is stored or drawn from the component, which means no
steady state operation. From figure A.4 the mean values of the inductor voltage, vL,
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and capacitor current, iCout
can be formulated as

0 = mean(vL) = VL = VinD − (Vin − Vout)D
′

0 = mean(iCout
) = ICout

= −IoutD + (Iin − Iout)D
′

D =
ton

Ts

(A.4)

1 = D + D′.

Where:
D Duty ratio
ton time the switch is conducting [s]
Ts Period time of the switching frequency

From these equations the input/output voltage and current relations can be formu-
lated as

Vout =
1

1 − D
Vin (A.5)

Iout = (1 − D)Iin. (A.6)

From equation A.5 it can be noticed that the voltage goes to infinity when the duty
ratio goes to one. Of course this does not happen in a real converter. The voltage
ratio between the input and output voltage is limited by the parasitic resistances in
the inductor, the switch and in the diode and by the output current. This limit the
maximum duty ratio to between 0.8 and 0.9 in a normal case.

For calculating the ripple in the current through the inductor, shown in figure A.4,
and in the voltage over the capacitor a linear approximation is used. This means
that the voltage over the inductor is assumed to be constant over the period when
the current increases or decreases. And the current through the capacitor is constant
during the period the voltage increases or decreases. This approximation gives that

VL = L
∆iL
∆t

⇒ ∆iin =
Vin

2L
DTs (A.7)

IC = C
∆vC

∆t
⇒ ∆vout =

Iout

2Cout

DTs. (A.8)

It is clearly seen from the equations that the ripple gets smaller with a larger inductor
and a larger capacitor. But with a larger inductor the control speed of the current gets
slower, so the size of the inductor is a balance between the size of the ripple in the
current and the regulator speed of the current.

The semiconductor stresses, peak voltage and RMS current, can be evaluated from
figure A.4 if all transients from the switching are neglected. The peak voltages and

79



RMS current can be expressed as

v̂SW = v̂D = Vout + ∆vout (A.9)

ISW,RMS =

√

1

Ts

∫ DTs

0

[Iin + ∆iin(2
t

DTs

− 1)]2dt

=

√

D[I2
in +

∆i2in
3

] =

√

D[(
Iout

1 − D
)2 +

∆i2in
3

] (A.10)

ID,RMS =

√

1

Ts

∫ D′Ts

0

[Iin + ∆iin(2
t

D′Ts

− 1)]2dt

=

√

D′[I2
in +

∆i2in
3

] =

√

(1 − D)[(
Iout

1 − D
)2 +

∆i2in
3

]. (A.11)

From these equations and by assuming that the ripple components are so small that
they can be neglected, the utilization factor for the transistor and diode can be calcu-
lated. In this evaluation the converter is assumed to operate at normal conditions as
a voltage adjusting converter or a DC-transformer. This means for the instance that
the maximum peak voltage over the transistor and diode are equal to the rated output
voltage, Vout,R. The RMS current for the voltage adjusting converter type can be found
by approximate the output power with equation A.2 and by calculating the duty ratio
with equation A.5. For the duty ratio the input voltage is assumed to be described with
equation A.1 and that Vout,R = Vin,RN , ie. N is the voltage ratio between the rated
output voltage and the rated input voltage. With these equations the RMS current
through the switch can be expressed as

ISW,RMS =
√

D
Iout

1 − D

=
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√
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ws,R < ws.

(A.12)

By analyzing this current it is seen that the maximum current is reached at wind
speeds, ws, over the rated one, ws,R, if the voltage ratio between the rated input and
output voltage, N , is greater then 1.2. In this work it is assumed that the ratio is
greater then 1.2, which gives that the maximum RMS current through the switch can
be expressed as

ISW,RMS,max = N

√

1 − 1

N

Pout,R

Vout,R

. (A.13)

and in a similar way the maximum RMS current through the diode can be delivered as

ID,RMS,max =
√

N
Pout,R

Vout,R

. (A.14)
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It shall be noticed that these equations for the maximum RMS current through the
switch and the diode also holds for the DC-transformer. This is due to that the
maximum value was reached at the point where the input-output voltage ratio was
constant, i.e. the same operation as for the DC-transformer. By using the equations
for the maximum peak voltage and RMS current, the utilization of the semiconductors
can be calculated using equation A.3 which gives

USW =
Pout,R

Vout,RN
√

1 − 1
N

Pout,R

Vout,R

=
1

√

N(N − 1)
(A.15)

UD =
1√
N

(A.16)

USW+D =
1

√

N(N − 1) +
√

N
. (A.17)

From these equations it is noticed that the components are best utilized when the volt-
age ratio, N > 1.2, is as small as possible. It shall be remembered that the utilization
factors holds both for the voltage adjusting converter and the DC-transformer.

The main advantages and drawbacks for the boost converter are:
+ The converter is simple with a low number of components
+ Low input current ripple in CCM
− Limited maximum duty cycle to approximated 0.8-0.9 due to parasitic

resistances and this limits the boost ratio to approximate 10
− Large switch current when the duty cycle is high
− Poor transient response due to that the stored energy in the inductor must be

transferred to the output even if the load is disconected
− Regulator loop hard to stabilize since the gain is load dependent
− No current limiting of output short circuits
− The power can only flow in one direction due to the diode

Prototypes have been build up to about 100kW with efficiency up to approximately
95%.

A.2.2 ´Cuk Converter

The ´cuk converter is used when a small current ripple is needed and for moderate
voltage changes. The output is inverted and the converter can be used when the input
voltage is higher and lower then the output voltage. In figure A.5 the scheme of the
´cuk converter is shown. The ´cuk converter operates by repeatedly shifting energy
between the inductors L1 and L2, the capacitor C1 and the load. The energy transfer
from the input to the output is dependent on the capacitor C1. If we compere it to the
boost converter, the energy transfere was depending on the inductor. Energy is stored
in the inductor L1 when the switch, SW , is on (conducting) and inductor L2 is storing
energy from the capacitor C1 during the same time. When the switch is off, L1 charges
C1 and L2 is transferring energy to the output. During the time the switch is on, the
output is supplied from the capacitor Cout and L2.

If the ripple in the currents through the inductors and in the voltages over the
capacitors are neglected, the currents and voltages in the ´cuk converter can be drawn
for CCM as in figure A.6. In figure A.6 the ripple in the currents through inductors
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Figure A.5: ´Cuk converter circuit.
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Figure A.6: Idealized voltages and current wave forms of the ´cuk converter, solid lines.
Dashed lines current and voltage ripple.

L1 and L2 and in the voltage over C1 are also shown, dashed lines. If capacitor charge
balance and inductor volt-second balance are applied on the currents and voltages
shown in figure A.6 the voltages and currents in the converter can be calculated for
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steady state operation. The currents and voltages becomes

Vout =
D

1 − D
Vin (A.18)

Iout =
1 − D

D
Iin (A.19)

VC1 =
Vin

1 − D
(A.20)

D =
ton

Ts

. (A.21)

From the equations it is clearly seen that the output voltage can be both smaller and
greater then the input voltage depending on the duty ratio D.

The ripple components in the voltage over C1 and the currents through L1 and L2

can be calculated in the same way as for the boost converter, this gives

∆iin =
Vin

2L1

DTs (A.22)

∆iL2 =
Vin

2L2

DTs (A.23)

∆vC1 = − Iout

2C1

DTs. (A.24)

But the output voltage ripple can not be calculated with this approach. Instead, it is
assumed that the output capacitor takes care of all the current ripple in the current
through L2, and then the output voltage ripple can be calculated by

q = Cout2∆vout (A.25)

q =
1

2
∆iL2

Ts

2
⇒ (A.26)

∆vout =
∆iL2

8Cout

Ts. (A.27)

As expected, it is seen that the ripple in the voltages and currents can be low by using
sufficient large inductors and capacitors.

The semiconductor stresses in the ´cuk converter becomes

v̂SW = v̂D = Vin − Vout + ∆vC1 = −Vout

D
+ ∆vC1 (A.28)

ISW,RMS =

√

D[(
Iout

1 − D
)2 +

1

3
(∆iin + ∆iL2)

2] (A.29)

ID,RMS =

√

(1 − D)[(
Iout

1 − D
)2 +

1

3
(∆iin + ∆iL2)

2]. (A.30)

In the same way as for the boost converter, the utilization of the components can be
calculated by neglecting the ripple components of the voltages and currents. First
the maximum peak voltages and RMS currents for both the voltage adjuster and the
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DC-transformer can be expressed as

v̂SW,max = v̂D,max = (1 +
1

N
)Vout,R (A.31)

ISW,RMS,max =
√

N(N + 1)
Pout,R

Vout,R

(A.32)

ID,RMS,max =
√

N + 1
Pout,R

Vout,R

. (A.33)

From these equations the utilization factor for the semiconductors can be calculated to

USW =

√
N

(N + 1)
√

N + 1
→ max at N =

1

2
(A.34)

UD =
N

(N + 1)
√

N + 1
→ max at N = 2 (A.35)

USW+D =
N

(N + 1)
√

N + 1(
√

N + 1)
→ max at N = 1. (A.36)

It can be noticed from the equations that the components are best utilized at a certain
transformation ratio N . A deviation from this optimum gives that a component with
a higher rating must be used for the same rated output power.

The main advantages and drawbacks of the ´cuk converter are:
+ Only two active components, SW and D
+ Low input and output current ripple in CCM
− The ripple current in the capacitor C1 is equal to half the sum of

the input and output current
− The switch must handle the sum of the input and output current
− The power can only flow in one direction

The converter has so far only been used for low power applications with efficiency
up to approximately 94 %.

A.2.3 Sepic Converter

The sepic converter works similar to the ´cuk converter but has positive output voltage,
as shown in figure A.7. The input current ripple is small and the converter is used
for moderate voltage changes when the output voltage is smaller or greater then the
input voltage. The sepic converter operates by repeatedly shifting energy between the
inductors L1 and L2, the capacitor C1 and the load. Energy is stored in the inductor
L1 when the switch, SW , is on and inductor L2 is storing energy from the capacitor
C1 during the same time. When the switch is off, L1 charges C1 and together with L2

also supplies energy to the output. During the time when the switch is on, the output
is supplied from the capacitor Cout.

If the ripple in the currents through the inductors and in the voltages over the
capacitors are neglected, the currents and voltages in the sepic converter can be drawn
for CCM as in figure A.8. In figure A.8 the ripple in the currents through the inductors
L1 and L2 and in the voltage over the capacitor C1 are shown as before, dashed lines.
If energy balance is used on the currents and voltages shown in figure A.8 the voltages
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Figure A.7: Sepic converter circuit.
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Figure A.8: Idealized voltages and current wave forms of the sepic converter, solid
lines. Dashed lines ripple in the currents and voltage

and currents in the converter can be calculated for steady state operation. The currents
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and voltages becomes

Vout =
D

1 − D
Vin (A.37)

Iout =
1 − D

D
Iin (A.38)

VC1 = Vin (A.39)

IL2 = −Iout. (A.40)

From the equations it is clearly seen that the output voltage can be both smaller and
greater then the input voltage depending on the duty ratio D.

The ripple components in the voltage over C1 and Cout and in the currents through
L1 and L2, shown in figure A.8, can be calculated in the same way as for the boost
converter, this gives

∆iin =
Vin

2L1

DTs (A.41)

∆iL2 =
Vin

2L2

DTs (A.42)

∆vC1 =
Iout

2C1

DTs (A.43)

∆vout =
Iout

2Cout

DTs. (A.44)

As expected, it is seen that the ripple in the voltages and currents can be low by using
sufficient large inductors and capacitors.

The semiconductor stresses in the sepic converter becomes

v̂SW = v̂D = Vin + Vout + ∆vC1 + ∆vCout
=

Vout

D
+ ∆vC1 + ∆vCout

(A.45)

ISW,RMS =

√

D[(
Iout

1 − D
)2 +

1

3
(∆iin + ∆iL2)

2] (A.46)

ID,RMS =

√

(1 − D)[(
Iout

1 − D
)2 +

1

3
(∆iin + ∆iL2)

2]. (A.47)

In the same way as for the boost converter, the utilization of the components can be
calculated. By neglecting the ripple component in voltages and currents, the maximum
peak voltage and RMS current for both the voltage adjuster and the DC-transformer
can be expressed as

v̂SW,max = v̂D,max = (1 +
1

N
)Vout,R (A.48)

ISW,RMS,max =
√

N(N + 1)
Pout,R

Vout,R

(A.49)

ID,RMS,max =
√

N + 1
Pout,R

Vout,R

. (A.50)
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From these equations the utilization factor for the semiconductors can be calculated to

USW =

√
N

(N + 1)
√

N + 1
→ max at N =

1

2
(A.51)

UD =
N

(N + 1)
√

N + 1
→ max at N = 2 (A.52)

USW+D =
N

(N + 1)
√

N + 1(
√

N + 1)
→ max at N = 1. (A.53)

It shall be noticed that this is the same utilization factors as for the ´cuk converter.
The main advantages and drawbacks of the sepic converter are:

+ Only two active components, SW and D
+ Low input current ripple in CCM
− The ripple current in the capacitor C1 is equal to half the sum of

the input and output current
− The switch and the diode must handel the sum of the input and output voltage

and the sum of the input and output current
− Large output voltage ripple
− The power can only flow in one direction

The converter has so far only been used for low power applications with efficiency
up to approximately 94%.

A.2.4 Zeta Converter

The zeta converter, sometimes called the inverted sepic converter, works similar to the
´cuk converter but has a positive output, as shown in figure A.9. The output current
ripple is small and the converter is used for moderate voltage changes when the output
voltage is smaller or greater then the input voltage. The zeta converter operates by
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Figure A.9: Zeta converter circuit.

repeatedly shifting energy between the inductors L1 and L2, the capacitor C1 and the
load. Energy is stored in the inductor L1 when the switch, SW , is on and inductor
L2 is storing energy from the capacitor C1 and from the input during the same time.
When the switch is off L1 charges C1 and L2 supplies energy to the output. During
the time the switch is on the output is supplied from the input and capacitor C1.

If the ripple in the currents through the inductors and in the voltages over the
capacitors are neglected, the currents and voltages in the zeta converter can be drawn
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for CCM as in figure A.8. In the same way as for the other converters the currents and
voltages can be calculated in steady state as

Vout =
D

1 − D
Vin (A.54)

Iout =
1 − D

D
Iin (A.55)

VC1 = −Vout (A.56)

IL1 = Iin (A.57)

IL2 = Iout. (A.58)

From the equations it is clearly seen that the output voltage can be both smaller and
greater then the input voltage depending on the duty ratio D.

The ripple components in the voltage over C1 and Cout and in the currents through
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L1 and L2 can be calculated in the same way as for the ´cuk converter, this gives

∆iL1 =
Vin

2L1

DTs (A.59)

∆iL2 =
Vin

2L2

DTs (A.60)

∆vC1 =
Iout

2C1

DTs (A.61)

∆vout =
∆iL2

8Cout

Ts. (A.62)

As expected it is seen that the ripple in the voltages and currents can be small by using
sufficient large inductors and capacitors.

The semiconductor stresses in the zeta converter becomes

v̂SW = v̂D = Vin + Vout + ∆vC1 =
Vout

D
+ ∆vC1 (A.63)

ISW,RMS =

√

D[(
Iout

1 − D
)2 +

1

3
(∆iL1 + ∆iL2)

2] (A.64)

ID,RMS =

√

(1 − D)[(
Iout

1 − D
)2 +

1

3
(∆iL1 + ∆iL2)

2]. (A.65)

In the same way as for the boost converter, the utilization of the components can be
calculated. By neglecting ripple in voltages and currents the maximum peak voltage
and RMS current within the normal operational interval for both the voltage adjuster
and the DC-transformer can be expressed as

v̂SW,max = v̂D,max = (1 +
1

N
)Vout,R (A.66)

ISW,RMS,max =
√

N(N + 1)
Pout,R

Vout,R

(A.67)

ID,RMS,max =
√

N + 1
Pout,R

Vout,R

. (A.68)

From these equations the utilization factor for the semiconductors can be calculated to

USW =

√
N

(N + 1)
√

N + 1
→ max at N =

1

2
(A.69)

UD =
N

(N + 1)
√

N + 1
→ max at N = 2 (A.70)

USW+D =
N

(N + 1)
√

N + 1(
√

N + 1)
→ max at N = 1. (A.71)

It shall be noticed that this is the same utilization factors as for the ´cuk and sepic
converter.

The main advantages and drawbacks of the zeta converter are:
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+ Only two active components, SW and D
+ Low output current ripple
− The ripple current in the capacitor C1 is equal to half the sum of

the input and output current
− The switch and the diode must handel the sum of the input and output voltage

and the sum of the input and output current
− Large input current ripple
− The power can only flow in one direction

A.2.5 Flyback Converter

The flyback converter is common when galvanic insulation is needed for low power
applications, typically below 100W. The converter has few components as shown in
figure A.11. The most complicated part of the converter is the transformer which has
a high magnetizing inductance. The flyback converter operates by repeatedly shifting
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Figure A.11: Flyback converter circuit.

energy between the transformer and the load. Energy is stored in the transformer
magnetizing inductance Lm when the switch, SW , is on and the output capacitor Cout

supplies the load. When the switch is off Lm discharges via the winding n3 and the
diode D2 and supplies the load and Cout. The winding n2 is only used in no-load
operation to discharge the magnetizing inductance back to the input.

If the ripple components in the current through the magnetizing inductance and in
the voltage over the output capacitor are neglected, the currents and voltages in the
flyback converter can be drawn for CCM as in figure A.12. CCM or DCM is in this
case referred to the current through the magnetizing inductance, if it is continuous
or discontinuous. In figure A.12 the ripple in the current through the magnetizing
inductance is also shown, dashed lines. In the same way as before, if the mean values
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Figure A.12: Idealized voltages and current wave forms of the flyback converter.

are used the currents and voltages can be calculated in steady state as

Vout =
n3

n1

D

1 − D
Vin (A.72)

Vout,max =
n3

n2

Vin (A.73)

Iout =
n1

n3

1 − D

D
Iin (A.74)

ILm
=

Iin

D
. (A.75)

From the equations, it is clearly seen that the output voltage can be both smaller and
greater then the input voltage depending on the duty ratio D. It is also noticed that
the transformation ratio between the output and input voltage is limited to a maximum
value, set by the winding n2.

The ripple components in the voltage over Cout and in the current through Lm can
be calculated in the same way as for the boost converter, this gives

∆iLm
=

Vin

2Lm

DTs (A.76)

∆vout =
Iout

2Cout

DTs. (A.77)

As expected it is seen that the ripple in the voltage and current can be low if a sufficient
large magnetizing inductor and output capacitor is used.
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The semiconductor stresses in the flyback converter becomes

v̂SW = Vin +
n1

n3

(Vout + ∆vCout
) =

n1

n3

(
Vout

D
+ ∆vCout

) (A.78)

v̂D1 =
n1 + n2

n1

Vin (A.79)

v̂D2 =
Vout

D
+ ∆vCout

(A.80)

ISW,RMS =

√

D[(
n3

n1

Iout

1 − D
)2 +

∆i2Lm

3
] (A.81)

ID2,RMS =

√

(1 − D)[(
Iout

1 − D
)2 +

∆i2Lm

3
]. (A.82)

In the same way as for the other converters, the utilization of the components can be
calculated. By neglecting ripple in voltages and currents, the maximum peak voltage
and RMS current within the normal operational interval for both the voltage adjuster
and the DC-transformer can be expressed as

v̂SW,max =
n1

n3

(N +
n3

n1

)
Vout,R

N
(A.83)

v̂D2,max = (N +
n3

n1

)
Vout,R

N
(A.84)

ISW,RMS,max =

√

N(N +
n3

n1

)
Pout,R

Vout,R

(A.85)

ID2,RMS,max =

√

n3

n1

N + 1
Pout,R

Vout,R

. (A.86)

From these equations the utilization factor for the semiconductors can be calculated to

USW =
1

n1

n3

√
N

N
(N + n3

n1
)
√

N + n3

n1

=
n
√

N

(N + n)
3
2

(A.87)

UD2 =
N
√

n

(N + n)
3
2

(A.88)

USW+D2 =
nN

(N + n)
3
2 (
√

N +
√

n)
(A.89)

n =
n3

n1

. (A.90)

From the equations it is seen that the utilization factors are depending on the desired
input output voltage ratio N and the winding ratio of the transformer n. By choosing
the winding ratio of the transformer cleverly the utilization factor of the components
can be maximized, which gives

USW,max =
2

3
√

3
for n = 2N (A.91)

UD2,max =
2

3
√

3
for n =

N

2
(A.92)

USW+D2,max =
1

4
√

2
for n = N. (A.93)
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As can be seen, the maximum utilization factor for the different components do not
occur for the same winding ratio. This means that one can maximize the utilization for
one component or use a compromise. One compromise is to use the utilization factor
for the switch and the diode, USW+D2,max, where the rating of the switch and the rating
of the diode are added, according to equation A.3. Another way to add the ratings of
the devices, is to first multiply them with a weight factor that can be depending on
size, losses and/or cost. In this way, for example, the most expensive component can
be utilized more, in order to reduce the cost. It can also be noticed that the maximum
utilization factor is independent of the voltage ratio N compared to the transformer
less converters discussed before.

The main advantages and drawbacks of the flyback converter are:
+ The flyback converter is, from a circuit perspective, the simplest of the low-power

isolated converters and uses only three components besides the transformer
(if the no-load capability is omitted)

+ The utilization factor can be maximized due to the transformer
− Critical transformer design and the high energy, which must be stored in the

transformer windings in the form of a DC current, requires a high magnetizing
inductance, a high current primary, which in turn requires larger cores than would
be needed with pure AC

− Poor transformer utilization since the core is only magnetized in one direction
− Large output voltage ripple and input current ripple
− A snubber circuit is needed for the leakage inductance of the transformer
− The power can only flow in one direction

A.2.6 Forward Converter

The forward converter is very common when galvanic insulation is needed and for
applications above the power range of the flyback converter. The converter is simple
and has few components, as shown in figure A.13. The most complicated part of the
converter is the transformer with three windings. The forward converter operates by
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Figure A.13: Forward converter circuit.

repeatedly transferring energy between the input and the load through the transformer.
Energy is transferred when the switch, SW , is on. When the switch is off Lm discharges
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via the winding n2 to the supply and the inductor L and the capacitor Cout supplies
the load.

If the ripple in the currents through the inductances and in the voltage over the
output capacitor are neglected, the currents and voltages in the forward converter
can be drawn for CCM as in figure A.14. The currents and voltages for the forward
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Figure A.14: Idealized voltages and current wave forms of the forward converter, solid
lines. Dashed lines ripple.

converter using the same reasoning as for the previous converters become

Vout =
n3

n1

DVin (A.94)

Iout =
n1

n3

1

D
Iin (A.95)

Dmax =
1

1 + n2

n1

. (A.96)

From the equations and figure A.14 it is seen that the maximum duty cycle is limited.
If the duty cycle exceeds it’s maximum value, the magnetizing inductance will not be
discharged completely and after a time the transformer will be saturated.

The ripple components in the voltage over Cout and in the currents through Lm and
L can be calculated in the same way as for the ´cuk converter, this gives

∆iLm
=

Vin

2Lm

DTs (A.97)

∆iL =
n3

n1

Vin

2L
(1 − D)DTs (A.98)

∆vout =
∆iL
8Cout

Ts. (A.99)

As expected, it is seen that the ripple in the voltage and current can be low by having
a sufficient large inductor and output capacitor. Due to the fact that the magnetizing
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current is not used in the energy transfer, it is desired to be small. This gives that the
magnetization inductance of the transformer has to be large.

The semiconductor stresses in the forward converter become

v̂SW = v̂D1 = Vin +
n1

n2

Vin =
n1 + n2

n2

Vin (A.100)

v̂D2 =
n3

n2

Vin (A.101)

v̂D3 =
n3

n1

Vin =
Vout

D
(A.102)

ISW,RMS =

√

D[(
n3

n1

Iout + ∆iLm
)2 +

1

3
∆i2Lm

] (A.103)

ID1,RMS = 2∆iLm

√

1

3

n2

n1

D (A.104)

ID2,RMS =

√

D[(I2
out +

1

3
∆i2L] (A.105)

ID3,RMS =

√

(1 − D)[(I2
out +

1

3
∆i2L]. (A.106)

In the same way as for the other converters the utilization of the components can be
calculated. By neglecting ripple in voltages and currents the maximum peak voltage
and RMS current within the normal operational interval for both the voltage adjuster
and the DC-transformer can be expressed as

v̂SW,max = v̂D1,max =
1

1 − Dmax

Vout,R

N
(A.107)

v̂D2,max =
Dmax

1 − Dmax

n3

n1

Vout,R

N
(A.108)

v̂D3,max =
n3

n1

Vout,R

N
(A.109)

ISW,RMS,max =

√

N
n3

n1

Pout,R

Vout,R

(A.110)

ID1,RMS ' 0 (A.111)

ID2,RMS,max =

√

N
n1

n3

Pout,R

Vout,R

(A.112)

ID3,RMS,max =

√

1 − n1

n3

N
Pout,R

Vout,R

. (A.113)

From these equations, the utilization factor for the semiconductors can be calculated
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to

USW = (1 − Dmax)

√

n1

n3

N = (1 − Dmax)

√

N

n
(A.114)

UD2 =
1 − Dmax

Dmax

√

N

n
(A.115)

UD3 =
N
n

√

1 − N
n

(A.116)

n =
n3

n1

. (A.117)

From the equations it is seen that the utilization factors are depending on the de-
sired input output voltage ratio N , the winding ratio of the transformer n and by the
maximum duty cycle Dmax. For the utilization factor for the switch it is seen that it
is maximized if the winding ratio of the transformer n and the maximum duty cycle
Dmax is as low as possible. But for the voltage adjusting converter these parameters
are limited by the following equation

N

nmin

= Dmaxvmin. (A.118)

Where vmin is the smallest input voltage in p.u., this means that Vin in p.u. is limited
to vmin ≤ ≤ 1. If this is used the maximum utilization factors for the semiconductors
can be calculated to

USW,max =
2
√

vmin

3
√

3
for n =

3N

vmin
and Dmax =

1

3
(A.119)

UD2,max → ∞ when n → ∞ (A.120)

UD3,max =
vmin

1 − vmin
when Dmax = 1 and n =

N

vmin
. (A.121)

As seen, the utilization maximum for the different components do not occur for the
same winding ratio and the maximum points for the diodes occur at unrealistic points.
It can be noticed that the maximum utilization factors are independent of the voltage
ratio N compared to the converters without transformer as was discussed previously. It
shall also be noticed that these maximum points also are valid for the DC-transformer
if vmin = 1.

The main advantages and drawbacks of the forward converter are:
+ The forward converter is simple but compared with the flyback converter has

one more diode and a additional output filter inductor
+ The utilization factor can be maximized due to the transformer
+ The output current ripple is small due to the extra inductor L
− Poor transformer utilization since the core is only magnetized in one direction
− Large input current ripple
− The transformer design is critical to minimize the magnetizing current and, thus,

the losses in the diode D1

− A snubber circuit is needed for the leakage inductance of the transformer
− The power can only flow in one direction

Converters have been built up to 15kW at 100kHz and with an efficiency of up to 97%.
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A.2.7 Two-Transistor Forward Converter

The two-transistor forward converter can replace the forward converter when the block-
ing voltages for the switches or the transformer design is critical. The converter has two
transistors, as shown in figure A.15. The converter has the advantage that the switch
voltage is clamped to the input voltage and no demagnetizing winding is needed on
the transformer. The two-transistor forward converter operates in the same way as
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Figure A.15: Tow-Transistor forward converter circuit.

the forward converter. This means that energy is transferred through the transformer
when the switch, SW , is on. When the switch is off, Lm discharges via the two diodes
D1 and D2 to the supply and the inductor L and the capacitor Cout supplies the load.

If the ripple in the currents through the inductances and in the voltage over the
output capacitor are neglected the currents and voltages in the two-transistor forward
converter can be drawn for CCM as in figure A.16. In the same way as for the previous
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converters the currents and voltages can be calculated for steady state as

Vout =
n2

n1

DVin (A.122)

Iout =
n1

n2

1

D
Iin (A.123)

Dmax =
1

2
. (A.124)

From the equations and figure A.16 it is seen that the maximum duty cycle is limited.
If the duty cycle exceeds it’s maximum value the magnetizing inductance will not be
discharged completely and after a time the transformer will be saturated.

The ripple components in the voltage over Cout and in the current through Lm

and L can be calculated in the same way as for the forward converter, the following
expressions are found.

∆iLm
=

Vin

2Lm

DTs (A.125)

∆iL =
n2

n1

Vin

2L
(1 − D)DTs (A.126)

∆vout =
∆iL
8Cout

Ts. (A.127)

As expected, it is seen that the ripple in the voltage and current can be low by having a
sufficiently large inductor and output capacitor. Due to the fact that the magnetizing
current is not used in the energy transfer, it is desired to be small. This gives that the
magnetization inductance of the transformer has to be large.

The semiconductor stresses in the two-transistor forward converter become

v̂SW1 = v̂SW2 = v̂D1 = v̂D2 = Vin (A.128)

ˆvD3 = ˆvD4 =
Vout

D
(A.129)

ISW1,RMS = ISW2,RMS =

√

D[(
n2

n1

Iout + ∆iLm
)2 +

1

3
∆i2Lm

] (A.130)

ID1,RMS = ID2,RMS = 2∆iLm

√

D

3
(A.131)

ID3,RMS =

√

D[(I2
out +

1

3
∆i2L] (A.132)

ID4,RMS =

√

(1 − D)[(I2
out +

1

3
∆i2L]. (A.133)

In the same way as for the other converters, the utilization of the components can
be calculated. By neglecting the ripple in voltages and currents the maximum peak
voltage and RMS current within the normal operational interval for both the voltage
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adjuster and the DC-transformer can be expressed as

v̂SW1,max = v̂SW2,max = v̂D1,max = v̂D2,max =
Vout,R

N
(A.134)

v̂D3,max = v̂D4,max =
n2

n1

Vout,R

N
(A.135)

ISW1,RMS,max = ISW2,RMS,max =

√

N
n2

n1

Pout,R

Vout,R

(A.136)

ID1,RMS = ID2,RMS ' 0 (A.137)

ID3,RMS,max =

√

n1

n2

N
Pout,R

Vout,R

(A.138)

ID4,RMS,max =

√

1 − n1

n2

N
Pout,R

Vout,R

. (A.139)

From these equations the utilization factor for the semiconductors can be calculated to

USW =
1

2

√

n1

n2

N =
1

2

√

N

n
(A.140)

UD3 =

√

N

n
(A.141)

UD4 =
N
n

√

1 − N
n

(A.142)

USW+D =
1

n
N

√

N
n

+ n
N

√

1 − N
n

+ 2
N

√

N
n

(A.143)

n =
n2

n1

. (A.144)

From the equations it is seen that the utilization factors are depending on the desired
input output voltage ratio N and the winding ratio of the transformer n. It is seen
that all utilization factors are maximized if the winding ratio of the transformer n is
as low as possible. But for the voltage adjusting converter the winding ratio is limited
by the following equation

nmin =
2N

vmin
. (A.145)

Where vmin is the smallest input voltage in p.u., this means that Vin in p.u. is limited
to vmin ≤ ≤ 1. If this is used, the maximum utilization factors for the semiconductors
can be calculated to

USW,max =

√
vmin

2
√

2
(A.146)

UD3,max =

√

vmin

2
(A.147)

UD4,max =
vmin√

2
√

2 − vmin
(A.148)

USW+D,max =
vmin

3
√

2vmin +
√

4 − 2vmin
. (A.149)
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As noticed before, the maximum utilization for the different components occurs for
the same winding ratio. This means that the converter can be optimized to utilize all
components to the maximum. It shall also be noticed that these maximum points also
are valid for the DC-transformer if vmin = 1.

The main advantages and drawbacks of the two transistor forward converter are:
+ The switch voltage is clamped by the diodes D1 and D2 to the input voltage
+ A smaller snubber circuit is needed compared to the forward converter, due to

the current path trough the diodes D1 and D2 for the current in the leakage inductance
+ The utilization factor can be maximized due to the transformer
+ The output current ripple is small
+ The transformer only needs two windings
− Poor transformer utilization since the core is only magnetized in one direction
− The transformer design is critical to minimize the magnetizing current and, thus,

the losses in the diode D1 and D2

− Large input current ripple
− The power can only flow in one direction

A.2.8 Push-Pull Converter

The push-pull converter has two transistors and two primary windings, as seen in
figure A.17. The push-pull converter operates by alternatively turning on and off
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Figure A.17: Push-Pull converter circuit.

the switches, when SW1 is on SW2 is off and vice versa. When SW1 is on, energy
is transferred from the input via windings n1 and n3 to the output and a positive
magnetization is build up in the transformer. When SW2 is on, energy is transferred
from the input via windings n2 and n3 to the output and a negative magnetization
is build up in the transformer. When both switches are off, the inductor L and the
output capacitor supplies the load. The diodes D1 and D2 are only used under no-load
operation.

If the ripple in the currents through the inductances and in the voltage over the
output capacitor is neglected, and it is assumed that n1 = n2, the currents and voltages
in the push-pull converter can be drawn for CCM as in figure A.18. The currents and
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Figure A.18: Idealized voltages and current wave forms of the push-pull converter,
solid lines. Dashed lines ripple.

voltages become for steady state

Vout = 2
n3

n1

DVin (A.150)

Iout =
1

2

n1

n3

1

D
Iin (A.151)

Dmax =
1

2
. (A.152)

From the equations and figure A.18 it is seen that the maximum duty cycle is limited.
It is also seen that if there is no volt-second balance between the voltages applied to
windings n1 and n2, the magnetizing will increase and after a time the transformer will
be saturated. This imbalance can be eliminated by means of current-mode control of
the converter [17].

The ripple components in the voltage over Cout and in the current through Lm and
L can be calculated in the same way as for the forward converter, which gives

∆iLm
=

Vin

2 ∗ Lm

DTs (A.153)

∆iL =
n3

n1

Vin

2 ∗ L
(1 − 2D)DTs (A.154)

∆vout =
∆iL

16 ∗ Cout

Ts. (A.155)

As expected, it is seen that the ripple in the voltages and currents can be low by having
a sufficiently large inductors and output capacitor.
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The semiconductor stresses in the push-pull converter becomes

v̂SW1 = v̂SW2 = v̂D1 = v̂D2 = 2Vin (A.156)

v̂D3 = v̂D4 = v̂D5 = v̂D6 =
Vout

2D
(A.157)

ISW1,RMS = ISW2,RMS =

√

D[(
n3

n1

Iout)2 +
1

3
(
n3

n1

∆iL + ∆iLm
)2] (A.158)

ID3,RMS = ID4,RMS = ID5,RMS = ID6,RMS

=

√

(1 + 2D)[(
Iout

2
)2 +

1

3
(
∆iL
2

)2] + (1 − 2D)
n1

n3

∆i2Lm
. (A.159)

In the same way as for the other converters, the utilization of the components can be
calculated. By neglecting ripple in voltages and currents, the maximum peak voltage
and RMS current within the normal operational interval for both the voltage adjuster
and the DC-transformer can be expressed as

v̂SW1,max = v̂SW2,max = v̂D1,max = v̂D2,max = 2
Vout,R

N
(A.160)

v̂D3,max = v̂D4,max = v̂D5,max = v̂D6,max =
n3

n1

Vout,R

N
(A.161)

ISW1,RMS,max = ISW2,RMS,max =

√

N

2

n3

n1

Pout,R

Vout,R

(A.162)

ID1,RMS = ID2,RMS ' 0 (A.163)

ID3,RMS,max = ID4,RMS,max = ID5,RMS,max = ID6,RMS,max

=
1√
2

√

1

2
+

1

2

n1

n3

N
Pout,R

Vout,R

. (A.164)

From these equations the utilization factor for the semiconductors can be calculated to

USW1+SW2 = USW =
1

2

√

n1

n3

N

2
=

1

2

√

N

2n
(A.165)

UD3+D4+D5+D6 = UD =
N
n

2
√

1 + N
n

(A.166)

USW+D =
1

2
√

2n
N

+ 2 n
N

√

1 + N
n

(A.167)

n =
n3

n1

. (A.168)

From the equations it is seen that the utilization factors are depending on the wanted
input output voltage ratio N and the winding ratio of the transformer n. It is seen
that all utilization factors are maximized if the winding ratio of the transformer n is
as low as possible. But for the voltage adjusting converter the winding ratio is limited
by the following equation

nmin =
N

vmin
. (A.169)
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Where vmin is the smallest input voltage in p.u., this means that Vin in p.u. is limited
to vmin ≤ ≤ 1. If this is used the maximum utilization factors for the semiconductors
can be calculated to

USW,max =

√
vmin

2
√

2
(A.170)

UD3,max =

√

vmin

2
(A.171)

UD,max =
vmin

2
√

1 + vmin
(A.172)

USW+D,max =
vmin

2
√

2vmin + 2
√

1 + vmin
. (A.173)

As noticed before the maximum utilization for the different components occurs for the
same winding ratio. This means that the converter can be optimized to utilize all
components to the maximum. It shall also be noticed that these maximum points are
also valid for the DC-transformer if vmin = 1.

The main advantages and drawbacks of the push-pull converter are:
+ The switch voltage is clamped by the diodes D1 and D2 to the double input voltage
+ A smaller snubber circuit is needed compared to the forward converter, due to that

diodes D1 and D2 forms a path for the leakage inductance current
+ The utilization factor can be maximized due to the transformer
+ The output current ripple is small
+ Good utilization of the transformer while operating with both positive and negative flux
+ Double frequency in the output reduces the requirements for the output filter
− The transformer needs two primary windings
− The transformer design is critical to minimize the magnetizing current.
− The primary of the transformer needs a volt-second balance to prevent

the transformer core from saturation
− Large input current ripple
− The power can only flow in one direction

A.2.9 Half Bridge Converter

The half bridge converter has two transistors working together with two capacitors,
as shown in figure A.19. As seen from the figure the transformer is quite simple with
only two windings. The half bridge converter operates by alternative turning on and
off the switches, when SW1 is on SW2 is off and vice versa. When SW1 is on, energy
is transferred from the input via the transformer and the diode bridge to the output
and a positive magnetization is build up in the transformer. When SW2 is on, energy
is transferred from the input via the transformer and the diode bridge to the output
and a negative magnetization is build up in the transformer. When both switches are
off the inductor L and the output capacitor supplies the load.

If the ripple in the currents through the inductances and in the voltage over the
output capacitor is neglected the currents and voltages in the half bridge converter can
be drawn for CCM as in figure A.20. As before the currents and voltages becomes
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Figure A.19: Half bridge converter circuit.
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Vout =
n2

n1

DVin (A.174)

Iout =
n1

n2

1

D
Iin (A.175)

Dmax =
1

2
. (A.176)

From the equations and figure A.20 it is seen that the maximum duty cycle is limited.
It is also seen that if there is no volt-second balance on the primary the magnetizing
will increase and after a time the transformer will be saturated. This can, as mention
before, be eliminated by means of current-mode control of the converter [17].

The ripple components in the voltage over Cout and in the current through Lm and
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L can be calculated in the same way as for the forward converter, this gives

∆iLm
=

Vin

4Lm

DTs (A.177)

∆iL =
n2

n1

Vin

4L
(1 − 2D)DTs (A.178)

∆vout =
∆iL

16Cout

Ts. (A.179)

The semiconductor stresses in the half-bridge converter becomes

v̂SW1 = v̂SW2 = Vin (A.180)

v̂D1 = v̂D2 = v̂D3 = v̂D4 =
Vout

D
(A.181)

ISW1,RMS = ISW2,RMS =

√

D[(
n2

n1

Iout)2 +
1

3
(
n2

n1

∆iL + ∆iLm
)2] (A.182)

ID1,RMS = ID2,RMS = ID3,RMS = ID4,RMS

=

√

(1 + 2D)[(
Iout

2
)2 +

1

3
(
∆iL
2

)2] + (1 − 2D)
n1

n2

∆i2Lm
. (A.183)

In the same way as for the other converters, the utilization of the components can
be calculated. By neglecting ripple in voltages and currents the maximum peak volt-
age and RMS current for both the voltage adjuster and the DC-transformer can be
expressed as

v̂SW1,max = v̂SW2,max =
Vout,R

N
(A.184)

v̂D1,max = v̂D2,max = v̂D3,max = v̂D4,max =
n2

n1

Vout,R

N
(A.185)

ISW1,RMS,max = ISW2,RMS,max =

√

N
n2

n1

Pout,R

Vout,R

(A.186)

ID1,RMS,max = ID2,RMS,max = ID3,RMS,max = ID4,RMS,max

=
1√
2

√

1

2
+

n1

n2

N
Pout,R

Vout,R

. (A.187)

From these equations the utilization factor for the semiconductors can be calculated to

USW1+SW2 = USW =
1

2

√

n1

n2

N =
1

2

√

N

n
(A.188)

UD1+D2+D3+D4 = UD =
N
n

2
√

1 + 2N
n

(A.189)

USW+D =
1

2
√

n
N

+ 2 n
N

√

1 + 2N
n

(A.190)

n =
n2

n1

. (A.191)

From the equations it is seen that the utilization factors are depending on the wanted
input output voltage ratio N and the winding ratio of the transformer n. It is seen
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that all utilization factors are maximized if the winding ratio of the transformer n is
as low as possible. But for the voltage adjusting converter, the winding ratio is limited
by the following equation

nmin =
2N

vmin
. (A.192)

Where vmin is the smallest input voltage in p.u., this means that Vin in p.u. is limited
to vmin ≤ ≤ 1. If this is used the maximum utilization factors for the semiconductors
can be calculated to

USW,max =

√
vmin

2
√

2
(A.193)

UD,max =
vmin

4
√

1 + vmin
(A.194)

USW+D,max =
vmin

2
√

2vmin + 4
√

1 + vmin
. (A.195)

As noticed before the maximum utilization for the different components occurs for the
same winding ratio. This means that the converter can be optimized to utilize all
components to the maximum. It shall also be noticed that these maximum points are
also valid for the DC-transformer if vmin = 1.

The main advantages and drawbacks of the half bridge converter are:
+ The switch voltage is clamped by the diodes anti parallel to the

transistors to the input voltage
+ A smaller snubber circuit is needed compared to the forward converter, due to that

the anti parallel diodes forms a path for the leakage inductance current
+ The utilization factor can be maximized due to the transformer
+ The output current ripple is small
+ Good utilization of the transformer while operating with both positive and negative flux
+ Double frequency in the output reduces the requirements for the output filter
− The transformer design is critical to minimize the magnetizing current.
− The primary of the transformer needs a volt-second balance to prevent

the transformer core from saturation
− The power can only flow in one direction

A.2.10 Full Bridge Converter

The full bridge converter has four transistors working together, as shown in figure A.21.
It is also seen that the transformer is simple with only two windings. The full bridge
converter operates by alternative turning on and off the switches, when SW1 and SW4 is
on SW2 and SW3 is off and vice versa. When SW1 and SW4 is on, energy is transferred
from the input via the transformer and the diode bridge to the output and a positive
magnetization is build up in the transformer. When SW2 and SW3 is on, energy is
transferred from the input via the transformer and the diode bridge to the output and
a negative magnetization is build up in the transformer. When both switches are off
the inductor L and the output capacitor supplies the load.

106



+

-

V
in

+

-

V
out

+

-

v
sw1

+ -v
L

i
in

i
sw2

i
L

i
Cout

I
out

L

SW1

C
out

+

-

v
sw2

SW2

+

-

v
sw3

SW3

+

-

v
sw4

SW4

i
sw1

i
sw3

i
sw4

+

-

v
Lm L

m

i
Lm

i
D1

+

-

v
D1

i
D2

+

-

v
D2

i
D3

+

-

v
D4

i
D4

+

-

v
D4

D1

D4

D2

D3

n
1

n
2

Figure A.21: Full bridge converter circuit.

If the ripple in the currents through the inductances and in the voltage over the
output capacitor are neglected the currents and voltages in the full bridge converter
can be drawn for CCM as in figure A.22. As before the currents and voltages become
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Figure A.22: Idealized voltages and current wave forms of the full bridge converter,
solid lines. Dashed lines ripple.

Vout = 2
n2

n1

DVin (A.196)

Iout =
1

2

n1

n2

1

D
Iin (A.197)

Dmax =
1

2
. (A.198)

From the equations and figure A.22 it is seen that the maximum duty cycle is limited.
It is also seen that if there is no volt-second balance on the primary the magnetizing
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will increase and after a time the transformer will be saturated. This can as mention
before, be eliminated by means of current-mode control of the converter [17].

The ripple components in the voltage over Cout and in the current through Lm and
L can be calculated in the same way as for the forward converter, this gives

∆iLm
=

Vin

2Lm

DTs (A.199)

∆iL =
n2

n1

Vin

2L
(1 − 2D)DTs (A.200)

∆vout =
∆iL

16Cout

Ts. (A.201)

The semiconductor stresses in the full bridge converter become

v̂SW1 = v̂SW2 = v̂SW3 = v̂SW4 = Vin (A.202)

v̂D1 = v̂D2 = v̂D3 = v̂D4 =
Vout

2D
(A.203)

ISW1,RMS = ISW2,RMS = ISW3,RMS = ISW4,RMS

=

√

D[(
n2

n1

Iout)2 +
1

3
(
n2

n1

∆iL + ∆iLm
)2] (A.204)

ID1,RMS = ID2,RMS = ID3,RMS = ID4,RMS

=

√

(1 + 2D)[(
Iout

2
)2 +

1

3
(
∆iL
2

)2] + (1 − 2D)
n1

n2

∆i2Lm
. (A.205)

In the same way as for the other converters the utilization of the components can
be calculated. By neglecting ripple in voltages and currents the maximum peak volt-
age and RMS current for both the voltage adjuster and the DC-transformer can be
expressed as

v̂SW1,max = v̂SW2,max = v̂SW3,max = v̂SW4,max =
Vout,R

N
(A.206)

v̂D1,max = v̂D2,max = v̂D3,max = v̂D4,max =
n2

n1

Vout,R

N
(A.207)

ISW1,RMS,max = ISW2,RMS,max = ISW3,RMS,max = ISW4,RMS,max

=

√

N

2

n2

n1

Pout,R

Vout,R

(A.208)

ID1,RMS,max = ID2,RMS,max = ID3,RMS,max = ID4,RMS,max

=
1

2

√

1 +
n1

n2

N
Pout,R

Vout,R

. (A.209)
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From these equations the utilization factor for the semiconductors can be calculated to

USW1+SW2+SW3+SW4 = USW =
1

2

√

n1

n2

N

2
=

1

2

√

N

2n
(A.210)

UD1+D2+D3+D4 = UD =
N
n

2
√

1 + N
n

(A.211)

USW+D =
1

2
√

2n
N

+ 2 n
N

√

1 + N
n

(A.212)

n =
n2

n1

. (A.213)

From the equations it is seen that the utilization factors are depending on the wanted
input output voltage ratio N and the winding ratio of the transformer n. It is seen
that all utilization factors are maximized if the winding ratio of the transformer n is
as low as possible. But for the voltage adjusting converter the winding ratio is limited
by the following equation

nmin =
N

vmin
. (A.214)

Where vmin is the smallest input voltage in p.u., this means that Vin in p.u. is limited
to vmin ≤ ≤ 1. If this is used the maximum utilization factors for the semiconductors
can be calculated to

USW,max =

√
vmin

2
√

2
(A.215)

UD,max =
vmin

2
√

1 + vmin
(A.216)

USW+D,max =
vmin

2
√

2vmin + 2
√

1 + vmin
. (A.217)

In the same way as earlier, the maximum utilization for the different components occurs
for the same winding ratio. This means that the converter can be optimized to utilize
all components to the maximum. It shall also be noticed that these maximum points
are also valid for the DC-transformer if vmin = 1.

The main advantages and drawbacks of the full bridge converter are:
+ The switch voltage is clamped by the diodes anti parallel to the

transistors to the input voltage
+ A smaller snubber circuit is needed compared to the forward converter, due to that

the anti parallel diodes forms a path for the leakage inductance current
+ The utilization factor can be maximized due to the transformer
+ The output current ripple is small
+ Good utilization of the transformer while operating with both positive and negative flux
+ Double frequency in the output reduces the requirements for the output filter
− The transformer design is critical to minimize the magnetizing current.
− The primary of the transformer needs a volt-second balance to prevent

the transformer core from saturation
− Large input current ripple
− The power can only flow in one direction

Efficiency at different loads is up to 97%

109



A.2.11 Isolated SEPIC Converter

The isolated sepic converter is obtained by substituting the inductance L2 in the sepic
converter, se figure A.7, to a transformer. The transformer in the isolated sepic con-
verter has only two windings as can be seen in figure A.23. The isolated sepic converter
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Figure A.23: Isolated sepic converter circuit.

operates by repeatedly shifting energy between the inductor L1, the transformer, the
capacitor C1 and the load. Energy is stored in the inductor L1 when the switch, SW , is
on and the transformer is storing energy from the capacitor C1 during the same time.
When the switch is off, L1 charges C1 and together with the transformer also supplies
energy to the output. During the time the switch is on, the output is supplied from
the capacitor Cout.

If the ripple in the currents through the inductors and in the voltages over the
capacitors are neglected the currents and voltages in the isolated sepic converter can
be drawn for CCM as in figure A.24. The currents and voltages in steady state become

Vout =
n2

n1

D

1 − D
Vin (A.218)

Iout =
n1

n2

1 − D

D
Iin (A.219)

VC1 = Vin (A.220)

ILm
= −n1

n2

Iout. (A.221)

From the equations it is clearly seen that the output voltage can be both lower or
higher then the input voltage depending on the duty ratio D.

The ripple components in the voltage over C1 and Cout and in the currents through
L1 and Lm can be calculated in the same way as for the boost converter, this gives

∆iin =
Vin

2L1

DTs (A.222)

∆iLm
=

Vin

2Lm

DTs (A.223)

∆vC1 =
n2

n1

Iout

2C1

DTs (A.224)

∆vout =
Iout

2Cout

DTs. (A.225)

As expected, it is seen that the ripple in the voltages and currents can be low by having
sufficiently large inductors and capacitors.
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Figure A.24: Idealized voltages and current wave forms of the isolated sepic converter,
solid lines. Dashed lines ripple.

The semiconductor stresses in the isolated sepic converter become

ˆvSW = =
n1

n2

(
Vout

D
+ ∆vCout

) + ∆vC1 (A.226)

v̂D =
Vout

D
+ ∆vCout

+
n2

n1

∆vC1 (A.227)

ISW,RMS =

√

D[(
n2

n1

Iout

1 − D
)2 +

1

3
(∆iin + ∆iLm

)2] (A.228)

ID,RMS =

√

(1 − D)[(
Iout

1 − D
)2 +

1

3
(
n1

n2

∆iin +
n1

n2

∆iLm
)2]. (A.229)

In the same way as for the other converters, the utilization of the components can
be calculated. By neglecting the ripple in voltages and currents the maximum peak
voltage and RMS current for both the voltage adjuster and the DC-transformer can be
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expressed as

v̂SW,max =
n1

n2

(N +
n2

n1

)
Vout,R

N
=

N + n

Nn
Vout,R (A.230)

v̂D,max = (1 +
n

N
)Vout,R (A.231)

ISW,RMS,max =
√

N(N + n)
Pout,R

Vout,R

(A.232)

ID,RMS,max =

√

N

n
+ 1

Pout,R

Vout,R

(A.233)

n =
n2

n1

. (A.234)

From these equations the utilization factor for the semiconductors can be calculated
to, compere with the equations for the flyback converter,

USW =
n
√

N

(N + n)
3
2

(A.235)

UD2 =
N
√

n

(N + n)
3
2

(A.236)

USW+D2 =
nN

(N + n)(
√

N +
√

n
. (A.237)

From the equations it is seen that the utilization factors are depending on the wished
input output voltage ratio N and the winding ratio of the transformer n. By choosing
the winding ratio of the transformer cleverly the utilization factor of the components
can be maximized, which gives

USW,max =
2

3
√

3
for n = 2N (A.238)

UD2,max =
2

3
√

3
for n =

N

2
(A.239)

USW+D2,max =
1

4
√

2
for n = N. (A.240)

As can be seen, the maximum utilization factor for the different components do not
occur for the same winding ratio. This means that one can maximize the utilization for
one component or use a compromise. One compromise is to use the utilization factor
for the switch and the diode, USW+D2,max, where the rating of the switch and the rating
of the diode are added, according to equation A.3. Another way to add the ratings of
the devices, is to first multiply them with a weight factor that can be depending on
size, losses and/or cost. In this way, for example, the most expensive component can
be utilized more, in order to reduce the cost.

The main advantages and drawbacks of the isolated sepic converter are:
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+ Only two active components, SW and D
+ Low input current ripple in CCM
+ The utilization factor can be maximized due to the transformer
− Critical transformer design and the high energy, which must be stored in the

transformer windings in the form of a DC current, requires a high magnetizing
inductance, a high current primary, which in turn requires larger cores than would
be needed with pure AC

− Poor transformer utilization since the core is only magnetized in one direction
− The large current ripple in the capacitor C1

− Large output voltage ripple
− The power can only flow in one direction

A.2.12 Isolated ´Cuk Converter

The isolated ´cuk converter is obtained by splitting the capacitor C1 in the ´cuk con-
verter, see figure A.5, into two capacitors C1 and C2 and place the transformer between
them, this is shown in figure A.25. As seen from the figure the transformer is simple
with only two windings. The isolated ´cuk converter operates by repeatedly shifting

+

-

V
in

+

-

V
out

+

-

v
sw

+ -v
L1

i
in

i
Cout

I
out

SW
C

out

i
sw

i
D

+

-

v
D

D

L
1

+ -v
L2

L
2

i
C1

C
1

+ -v
C1

I
L2

+

-

v
Lm

L
m

i
Lm

n
1

n
2

i
C2

C
2

+- v
C2

Figure A.25: Isolated ´cuk converter circuit.

energy between the inductors L1 and L2, the capacitors C1 and C2 and the load. Energy
is stored in the inductor L1 when the switch, SW , is on (conducting) and inductor L2

and the output capacitor Cout are storing energy from the capacitors C1 and C2 during
the same time. When the switch is off, L1 charges C1 and C2 and L2 is transferring
energy to the output. During the time the switch is on, the output is supplied from
the capacitor Cout and L2. The transformer is only used to transfer energy from the
primary side to the secondary side, almost no energy is stored in the transformer.

If the ripple in the current through the inductor and in the voltage over the capacitor
are neglected the currents and voltages in the isolated ´cuk converter can be drawn for
CCM as in figure A.26. As for the previous converters the currents and voltages for
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Figure A.26: Idealized voltages and current wave forms of the isolated ´cuk converter,
solid lines. Dashed lines ripple.

steady state becomes

Vout =
n2

n1

D

1 − D
Vin (A.241)

Iout =
n1

n2

1 − D

D
Iin (A.242)

VC1 = Vin (A.243)

VC2 = Vout (A.244)

D =
ton

Ts

. (A.245)
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From the equations it is clearly seen that the output voltage can be regulated both up
and down depending on the duty ratio D.

The ripple components in the voltage over C1, C2 and Cout and the currents through
L1, L2 and Lm can be calculated in the same way as for the other converter, which
gives

∆iin =
Vin

2L1

DTs (A.246)

∆iL2 =
n2

n1

Vin

2L2

DTs (A.247)

∆iLm
=

Vin

2Lm

DTs (A.248)

∆vC1 =
n2

n1

Iout

2C1

DTs (A.249)

∆vC2 =
Iout

2C2

DTs (A.250)

∆vout =
∆iL2

8Cout

Ts. (A.251)

As expected, it is seen that the ripple in the voltages and currents can be low by using
sufficiently large inductors and capacitors.

The semiconductor stresses in the isolated ´cuk converter become

v̂SW =
n1

n2

Vout

D
+ ∆vC1 +

n1

n2

∆vC2 (A.252)

v̂D =
Vout

D
+

n2

n1

∆vC1 + ∆vC2 (A.253)

ISW,RMS =

√

D[(
n2

n1

Iout

1 − D
)2 +

1

3
(∆iin +

n2

n1

∆iL2 + ∆iLm
)2] (A.254)

ID,RMS =

√

(1 − D)[(
Iout

1 − D
)2 +

1

3
(
n1

n2

∆iin + ∆iL2 +
n1

n2

∆iLm
)2]. (A.255)

In the same way as for the other converters, the utilization of the components can
be calculated. By neglecting ripple in voltages and currents the maximum peak volt-
age and RMS current for both the voltage adjuster and the DC-transformer can be
expressed as

v̂SW,max =
n1

n2

(N +
n2

n1

)
Vout,R

N
=

N + n

Nn
Vout,R (A.256)

v̂D,max = (1 +
n

N
)Vout,R (A.257)

ISW,RMS,max =
√

N(N + n)
Pout,R

Vout,R

(A.258)

ID,RMS,max =

√

N

n
+ 1

Pout,R

Vout,R

(A.259)

n =
n2

n1

. (A.260)

From these equations the utilization factor for the semiconductors can be calculated to,
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compere with the equations for the flyback converter and the isolated sepic converter.

USW =
n
√

N

(N + n)
3
2

(A.261)

UD2 =
N
√

n

(N + n)
3
2

(A.262)

USW+D2 =
nN

(N + n)(
√

N +
√

n
. (A.263)

From the equations it is seen that the utilization factors are depending on the wanted
input output voltage ratio N and the winding ratio of the transformer n. By choos-
ing the winding ratio of the transformer in a clever way, the utilization factor of the
components can be maximized, which gives

USW,max =
2

3
√

3
for n = 2N (A.264)

UD2,max =
2

3
√

3
for n =

N

2
(A.265)

USW+D2,max =
1

4
√

2
for n = N. (A.266)

As can be noticed, the maximum utilization factor for the different components do not
occur for the same winding ratio. This means that one can maximize the utilization for
one component or use a compromise. One compromise is to use the utilization factor
for the switch and the diode, USW+D2,max, where the rating of the switch and the rating
of the diode are added, according to equation A.3. Another way to add the ratings of
the devices, is to first multiply them with a weight factor that can be depending on
size, losses and/or cost. In this way, for example, the most expensive component can
be utilized more, in order to reduce the cost. It can also be noticed that the maximum
utilization factor is independent of the voltage ratio N compared to the transformer
less converters discussed before.

The main advantages and drawbacks of the isolated ´cuk converter are:
+ Only two active components, SW and D
+ Low input and output current ripple in CCM
+ The utilization factor can be maximized due to the transformer
+ Good utilization of the transformer while operating with both positive and negative flux
+ No saturation of the transformer is possible due to the capacitors C1 and C2

− High number of components
− High current ripple in the capacitors C1 and C2

− The power can only flow in one direction

A.2.13 Full Bridge Isolated Boost Converter

The full bridge isolated boost converter is obtained by moving the output filter inductor
from the output to the input of the full bridge converter and changing the switching
pattern of the switches. In figure A.27 the full bridge isolated boost converter is shown.
The full bridge isolated boost converter operates by repeatedly shifting energy between
the inductor L1 and the output capacitor and the load. First, energy is stored in the
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Figure A.27: Full bridge isolated boost converter circuit.

input inductor L1 by turning all switches on. The stored energy in the inductance is
transferred through the transformer to the output by turning switch SW2 and SW3

off. This builds up a positive flux in the transformer. Next the inductance is charged
again by turning all switches on. The energy is transferred to the output by turning
SW1 and SW4 off. This builds up a negative flux in the transformer. During the time
the input inductor is charged the output capacitor supplies the load.

If the ripple in the currents through the inductances and in the voltage over the
output capacitor are neglected the currents and voltages in the full bridge isolated
boost converter can be drawn for CCM as in figure A.28. It shall be noticed from
the figure A.28 that if the output voltage is low (zero) the inductor L1 can not be
discharged which will mean that the inductor will be saturated. This can occur at
start up or at overloading of the converter. A solution for this problem is shown in
[56], [55].

As for the previous converters, the currents and voltages for steady state becomes

Vout =
n2

n1

1

1 − 2D
Vin (A.267)

Iout =
n1

n2

(1 − 2D)Iin (A.268)

Dmax =
1

2
. (A.269)

From the equations and figure A.28 it is seen that the maximum duty cycle is limited.
It is also seen that if there is no volt-second balance on the primary the magnetizing
will increase and after a time the transformer will be saturated. This can as mention
before, be eliminated by means of current-mode control of the converter [17].

The ripple components in the voltage over Cout and in the current through Lm and
L1 can be calculated in the same way as for the other converters, which gives

∆iL1 =
Vin

2 ∗ L1

DTs (A.270)

∆iLm
=

Vin

4 ∗ Lm

Ts (A.271)

∆vout =
Iout

2 ∗ Cout

DTs. (A.272)
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Figure A.28: Idealized voltages and current wave forms of the full bridge isolated boost
converter, solid lines. Dashed lines ripple.

The semiconductor stresses in the full bridge isolated boost converter becomes

v̂SW1 = v̂SW2 = v̂SW3 = v̂SW4 =
n1

n2

(Vout + ∆vout) (A.273)

v̂D1 = v̂D2 = v̂D3 = v̂D4 = Vout + ∆vout (A.274)

ISW1,RMS = ISW2,RMS = ISW3,RMS = ISW4,RMS

=

√

1 − D

2
[(

n2

n1

Iout

1 − 2D
)2 +

∆i2L1

6
] +

D

2
∆iLm

)2 (A.275)

ID1,RMS = ID2,RMS = ID3,RMS = ID4,RMS

=

√

(
1

2
− D)[(

Iout

2(1
2
− D)

)2 +
1

3
(
n1

n2

)2(∆iL1 + ∆iLm
)2]. (A.276)

In the same way as for the other converters, the utilization of the components can
be calculated. By neglecting the ripple in voltages and currents, the maximum peak
voltage and RMS current for both the voltage adjuster and the DC-transformer can be
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expressed as

v̂SW1,max = v̂SW2,max = v̂SW3,max = v̂SW4,max =
n1

n2

Vout,R (A.277)

v̂D1,max = v̂D2,max = v̂D3,max = v̂D4,max = Vout,R (A.278)

ISW1,RMS,max = ISW2,RMS,max = ISW3,RMS,max = ISW4,RMS,max

=
N

2

√

1 +
1

N

n2

n1

Pout,R

Vout,R

(A.279)

ID1,RMS,max = ID2,RMS,max = ID3,RMS,max = ID4,RMS,max

=
1√
2

√

n1

n2

N
Pout,R

Vout,R

. (A.280)

From these equations the utilization factor for the semiconductors can be calculated
to be

USW1+SW2+SW3+SW4 = USW =
n

2
√

N
√

N + n
(A.281)

UD1+D2+D3+D4 = UD =
1

2
√

2

√

n

N
(A.282)

USW+D =
1

2
√

N
n

√
N + n + 2

√
2
√

N
n

(A.283)

n =
n2

n1

. (A.284)

From the equations it is seen that the utilization factors are depending on the desired
input output voltage ratio N and the winding ratio of the transformer n. It is seen
that all utilization factors are maximized if the winding ratio of the transformer n is
as large as possible. But the winding ratio is limited by the following equation

Vout ≥
n2

n1

Vin = nVin → nmax = N. (A.285)

If this is used, the maximum utilization factors for the semiconductors can be calculated
to

USW,max =
1

2
√

2
(A.286)

UD,max =
1

2
√

2
(A.287)

USW+D,max =
1

4
√

2
. (A.288)

As noticed before, the maximum utilization for the different components occurs for
the same winding ratio. This means that the converter can be optimized to utilize all
components to the maximum.

The main advantages and drawbacks of the full bridge isolated boost converter are:
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+ The utilization factor can be maximized due to the transformer
+ The input current ripple is small
+ Good utilization of the transformer while operating with both positive and negative flux
+ Double frequency in the output reduces the requirements for the output filter
− A snubber circuit is needed to take care of the inductor current as

the current is built up in the leakage inductance of the transformer
− The transformer design is critical to minimize the magnetizing current

and the leakage inductance
− The primary of the transformer needs a volt-second balance to prevent

the transformer core from saturation
− Risk for inductor saturation if the output voltage is to low
− The power can only flow in one direction

A.2.14 Push-Pull Isolated Boost Converter

The push-pull isolated boost converter is also obtained by moving the output filter
inductor from the output to the input of the push-pull converter and changing the
switching pattern of the switches. In figure A.29 the push-pull isolated boost converter
is shown. The push-pull isolated boost converter operates by repeatedly shifting energy
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Figure A.29: Push-pull isolated boost converter circuit.

between the inductor L1 and the output capacitor and the load. First energy is stored
in the input inductor L1 by turning all switches on. The stored energy in the inductance
is transferred through the transformer to the output by turning switch SW2 off. This
builds up a negative flux in the transformer. Next, the inductance is charged again
by turning all switches on. The energy is transferred to the output by turning SW1

off. This builds up a positive flux in the transformer. During the time when the input
inductor is charged, the output capacitor supplies the load.

If the ripple in the currents through the inductances and in the voltage over the
output capacitor are neglected and it is assumed that n1 = n2 the currents and voltages
in the push-pull isolated boost converter can be drawn for CCM as in figure A.30. It
shall be noticed from the figure A.30 that if the output voltage is low (zero) the inductor
L1 can not be discharged which will mean that the inductor will be saturated. This

120



v
L i

in

I
in

DT
s

T
s

}Di
in

t

V
in

V
out

n
1

n
3

V
in

DT
s

D'T
s

v
Lm

i
Lm

Di
Lm

t t

t

V
out

n
1

n
3

V
out

n
1

n
3

i
Cout

t

I
out

I
in

n
1

n
3

I
out

v
out

V
out

DT
s

T
s

}DV
out

DT
s

D'T
s

t

DT
s

T
sDT

s
D'T

s

Figure A.30: Idealized voltages and current wave forms of the push-pull isolated boost
converter.

can occur at start up or at overloading of the converter. A solution for this problem is
shown in [56], [55].

The currents and voltages for steady state becomes, as before,

Vout =
n3

n1

1

1 − 2D
Vin (A.289)

Iout =
n1

n3

(1 − 2D)Iin (A.290)

Dmax =
1

2
. (A.291)

From the equations and figure A.30 it is seen that the maximum duty cycle is limited.
It is also seen that if there is no volt-second balance on the primary the magnetizing will
increase and after a time the transformer will be saturated. As previously mentioned,
this can be eliminated by means of current-mode control of the converter [17].

The ripple components in the voltage over Cout and in the current through Lm and
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L1 can be calculated in the same way as for the other converters, this gives

∆iL1 =
Vin

2 ∗ L1

DTs (A.292)

∆iLm
=

Vin

4 ∗ Lm

Ts (A.293)

∆vout =
Iout

2 ∗ Cout

DTs. (A.294)

The semiconductor stresses in the push-pull isolated boost converter become

v̂SW1 = v̂SW2 = 2
n1

n3

(Vout + ∆vout) (A.295)

v̂D1 = v̂D2 = v̂D3 = v̂D4 = Vout + ∆vout (A.296)

ISW1,RMS = ISW2,RMS =

√

1 − D

2
[(

n3

n1

Iout

1 − 2D
)2 +

∆i2L1

6
] +

D

2
∆iLm

)2(A.297)

ID1,RMS = ID2,RMS = ID3,RMS = ID4,RMS

=

√

(
1

2
− D)[(

Iout

2(1
2
− D)

)2 +
1

3
(
n1

n3

)2(∆iL1 + ∆iLm
)2]. (A.298)

In the same way as for the other converters, the utilization of the components can
be calculated. By neglecting ripple in voltages and currents the maximum peak volt-
age and RMS current for both the voltage adjuster and the DC-transformer can be
expressed as

v̂SW1,max = v̂SW2,max = 2
n1

n3

Vout,R (A.299)

v̂D1,max = v̂D2,max = v̂D3,max = v̂D4,max = Vout,R (A.300)

ISW1,RMS,max = ISW2,RMS,max =
N

2

√

1 +
1

N

n3

n1

Pout,R

Vout,R

(A.301)

ID1,RMS,max = ID2,RMS,max = ID3,RMS,max = ID4,RMS,max

=
1√
2

√

n1

n3

N
Pout,R

Vout,R

. (A.302)

From these equations the utilization factor for the semiconductors can be calculated to

USW1+SW2 = USW =
n

2
√

N
√

N + n
(A.303)

UD1+D2+D3+D4 = UD =
1

2
√

2

√

n

N
(A.304)

USW+D =
1

2
√

N
n

√
N + n + 2

√
2
√

N
n

(A.305)

n =
n3

n1

. (A.306)

From the equations it is seen that the utilization factors are depending on the wanted
input output voltage ratio N and the winding ratio of the transformer n. It is seen
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that all utilization factors are maximized if the winding ratio of the transformer n is
as large as possible. But the winding ratio is limited by the following equation

Vout ≥
n3

n1

Vin = nVin → nmax = N. (A.307)

If this is used the maximum utilization factors for the semiconductors can be calculated
to

USW,max =
1

2
√

2
(A.308)

UD,max =
1

2
√

2
(A.309)

USW+D,max =
1

4
√

2
. (A.310)

As noticed before, the maximum utilization for the different components occurs for
the same winding ratio. This means that the converter can be optimized to utilize all
components to the maximum.

The main advantages and drawbacks of the push-pull isolated boost converter are:
+ The utilization factor can be maximized due to the transformer
+ The input current ripple is small
+ Good utilization of the transformer while operating with both positive and negative flux
+ Double frequency in the output reduces the requirements for the output filter
− A snubber circuit is needed to take care of the inductor current as

the current is built up in the leakage inductance of the transformer
− The transformer must have three windings
− The transformer design is critical to minimize the magnetizing current

and the leakage inductance
− The primary of the transformer needs a volt-second balance to prevent

the transformer core from saturation
− Risk for inductor saturation if the output voltage is to low
− The power can only flow in one direction

A.2.15 Half Bridge Isolated Boost Converter

The half bridge isolated boost converter or two inductor boost converter is shown in
figure A.31. The half bridge isolated boost converter operates by repeatedly shifting
energy between the inductors L1 and L2 and the output capacitor and the load. First
energy is stored in the inductors L1 and L2 by turning all switches on. The stored
energy in the inductance L2 is transferred through the transformer to the output by
turning switch SW2 off, mean while L1 is still storing energy. This builds up a negative
flux in the transformer. Next, the inductances is charged again by turning switch SW2

on again. The energy in inductance L1 is transferred to the output by turning SW1 off,
meanwhile L2 is still storing energy. This builds up a positive flux in the transformer.
During the time the inductors are charged the output capacitor supplies the load.

If the ripple in the currents through the inductances and in the voltage over the
output capacitor is neglected and it is assumed that L1 = L2 = L, the currents
and voltages in the half bridge isolated boost converter can be drawn for CCM as in
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Figure A.31: Half Bridge Isolated Boost Converter circuit.

figure A.32. We have the same pattern as before, if the output voltage is low (zero),
the inductors L1 and L2 can not be discharged which will mean that the inductors will
be saturated. This can occur at start up or at overloading of the converter [56], [55].

If capacitor charge balance and inductor volt-second balance are applied on the
currents and voltages shown in figure A.32 the voltages and currents in the converter
can be calculated for steady state operation and CCM. The currents and voltages
become

Vout =
n2

n1

1

1 − D
Vin (A.311)

Iout =
n1

n2

(1 − D)Iin (A.312)

1

2
≤ D ≤ 1. (A.313)

From the equations and figure A.30 it is seen that the duty cycle is limited. It is also
seen that if there is no volt-second balance on the primary side the magnetizing will
increase and after a while the transformer will be saturated. As previously stated, this
can be eliminated by means of current-mode control of the converter [17].

The ripple components in the voltage over Cout and in the current through Lm, L1

and L2 can be calculated in the same way as for the other converters, this gives

∆iL1 = ∆iL2 = ∆iL =
Vin

2 ∗ L
DTs (A.314)

∆iin =
Vin

2 ∗ L
(2D − 1)Ts (A.315)

∆iLm
=

Vin

2 ∗ Lm

Ts (A.316)

∆vout =
Iout

4 ∗ Cout

(2D − 1)Ts. (A.317)
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Figure A.32: Idealized voltages and current wave forms of the half bridge isolated boost
converter.

The semiconductor stresses in the half bridge isolated boost converter become

v̂SW1 = v̂SW2 =
n1

n2

(Vout + ∆vout) (A.318)

v̂D1 = v̂D2 = v̂D3 = v̂D4 = Vout + ∆vout (A.319)

ISW1,RMS = ISW2,RMS

=

√

3 − 2D

4
[
n2

n1

Iout

1 − D
]2 + (1 − D)

∆i2in
3

+ (2D − 1)[∆iLm
+

∆iin
2(2D − 1)

]2

(A.320)

ID1,RMS = ID2,RMS = ID3,RMS = ID4,RMS

=

√

(1 − D)[(
Iout

2(1 − D)
)2 +

1

3
(
n1

n2

)2(∆iL + ∆iLm
)2]. (A.321)

In the same way as for the other converters, the utilization of the components can
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be calculated. By neglecting ripple in voltages and currents, the maximum peak volt-
age and RMS current for both the voltage adjuster and the DC-transformer, can be
expressed as

v̂SW1,max = v̂SW2,max =
n1

n2

Vout,R (A.322)

v̂D1,max = v̂D2,max = v̂D3,max = v̂D4,max = Vout,R (A.323)

ISW1,RMS,max = ISW2,RMS,max =
N

2

√

1 +
2

N

n2

n1

Pout,R

Vout,R

(A.324)

ID1,RMS,max = ID2,RMS,max = ID3,RMS,max = ID4,RMS,max

=
1

2

√

n1

n2

N
Pout,R

Vout,R

. (A.325)

From these equations the utilization factor for the semiconductors can be calculated to

USW1+SW2 = USW =
n√

N
√

N + 2n
(A.326)

UD1+D2+D3+D4 = UD =
1

2

√

n

N
(A.327)

USW+D =
1

√
N
n

√
N + 2n + 2

√

N
n

(A.328)

n =
n2

n1

. (A.329)

From the equations it is seen that the utilization factors are depending on the desired
input output voltage ratio N and the winding ratio of the transformer n. It is seen
that all utilization factors are maximized if the winding ratio of the transformer n is
as large as possible. But the winding ratio is limited by the following equation

Vout ≥ 2
n2

n1

Vin = 2nVin → nmax =
N

2
. (A.330)

If this is used, the maximum utilization factors for the semiconductors can be calculated
to

USW,max =
1

2
√

2
(A.331)

UD,max =
1

2
√

2
(A.332)

USW+D,max =
1

4
√

2
. (A.333)

As noticed before, the maximum utilization for the different components occurs for
the same winding ratio. This means that the converter can be optimized to utilize all
components to the maximum.

The main advantages and drawbacks of the half bridge isolated boost converter are:
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+ The utilization factor can be maximized due to the transformer
+ The input current ripple is small
+ Good utilization of the transformer while operating with both positive and negative flux
+ Double frequency in the output reduces the requirements for the output filter
− A snubber circuit is needed to take care of the inductor current, mean while

the current is build up in the leakage inductance of the ransformer
− The transformer design is critical to minimize the magnetizing current

and the leakage inductance
− The primary of the transformer needs a volt-second balance to prevent

the transformer core from saturation
− Risk for inductor saturation if the output voltage is to low
− The power can only flow in one direction

A.3 Choosing DC/DC Converter Topologies

From the utilization factor for the switch and from the main advantages/drawbacks
of the different DC/DC-topologies presented in appendix A.2, the best topology for
the different converter types (DC-transformer and voltage adjusting converter) will
be chosen. In table A.1 all converter topologies are presented. In figure A.33 the
maximum utilization factor for the switch for the different converter topologies are
shown for different transformations ratios N and for three values of the smallest input
voltage to the converter, vmin = 1, 0.5 and 0.25 in p.u. From the figure A.33 it is seen
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Figure A.33: Maximum utilization factors of the switch for the different DC/DC con-
verter topologies for different N and vmin, dashed line vmin = 0.5 and dash-dotted
line vmin = 0.25.
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Table A.1: The different DC/DC converter topologies. For definitions of the variables
see the previous sections.

Type Vout

Vin
Duty cycle D USW,max UD Core n1 n2 n3

Boost 1
1−D

0 ≤ ≤ 1 1√
N(N−1)

Same - - - -

´Cuk − D
1−D

0 ≤ ≤ 1
√

N
(N+1)

√
N+1

Same - - - -

Sepic, Zeta D
1−D

0 ≤ ≤ 1
√

N
(N+1)

√
N+1

Same - - - -

Flyback n3

n1

D
1−D

0 ≤ ≤ 1 2
3
√

3
Not same 1

2
1 ' 0 1

Forward n3

n1
D 0 ≤ ≤ 1

1+
n2
n1

2
√

vmin
3
√

3
Not same 1

2
1 (1

3
) 1 1 (1

3
)

T-T forward n2

n1
D 0 ≤ ≤ 1

2

√
vmin
2
√

2
Same 1

2
1 1

2
-

Push-Pull 2n3

n1
D 0 ≤ ≤ 1

2

√
vmin
2
√

2
Same 1 1

2
1
2

1

Half bridge n2

n1
D 0 ≤ ≤ 1

2

√
vmin
2
√

2
Same 1 1 1 -

Full bridge 2n2

n1
D 0 ≤ ≤ 1

2

√
vmin
2
√

2
Same 1 1 1 -

Isol. ´cuk n2

n1

D
1−D

0 ≤ ≤ 1 2
3
√

3
Not same 1 1 1 -

Isol. sepic n2

n1

D
1−D

0 ≤ ≤ 1 2
3
√

3
Not same 1

2
1 1 -

F B I boost n2

n1

1
1−2D

0 ≤ ≤ 1
2

1
2
√

2
Same 1 1 1 -

P-P I boost n3

n1

1
1−2D

0 ≤ ≤ 1
2

1
2
√

2
Same 1 1

2
1
2

1

H B I boost n2

n1

1
1−D

1
2
≤ ≤ 1 1

2
√

2
Same 1 1 1 -

UD Indicates if the maximum utilization of the diodes occurs for the same choice of
winding ratio n as for the maximum utilization of the switches. If it is the same
point then the converter can can be optimized to utilize all components to the
maximum

Core Indicates how good the core of the transformer is utilized, one means magnetized
on both directions and a half means only in one direction

n1, n2, n3 Indicated how good the windings are utilized, ”1” means that it can be used
up to the hole switching period, ” 1

2
” up to half the period and ”-” does not exist

that for the converter topologies without transformer, the utilization factor decreases
with a increasing transformation ratio N . This gives that if a high transformation
ratio is desired it is best to use a converter with a transformer. As noticed before,
the transformation ratio for the boost converter is limited by parasitical resistances to
about 10 and therefore it is necessarily to use a converter with a transformer, if the
transformation ratio is high.

To get a clearer overview of the different topologies working as a voltage adjusting
converter the advantages and drawbacks of them has been put together in table A.2.
In the table the different factors are marked with only + and − to make it clearer. In
the table USW is the utilization of the switch and UD is positive if the utilization of
the diode/diodes occurs at the same point as for the switch. Ucore and Uwind is how
good the core and all the windings are utilized respectively. ∆in and ∆out is positive
if the ripple on the input and on the output is small. Snub is positive if the converter
topology only needs a small snubber circuit and finally SC is positive if the converter
can handle a short circuit on the output. With handle means that the converter shall
be able to stop the power flow from the input to the output if a short circuit occurs
and it shall withstand temporarily overloads.
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Table A.2: The different DC/DC converter topologies. For definitions of the variables
see the previous sections.

Type USW UD Ucore Uwind ∆in ∆out Snub SC Other
Flyback + - - - - - - +

Isolated sepic + - - + + - + + -large ∆iC

Isolated ´cuk + - + + + + + +
-large ∆iC

-large num of comp.
P-P I boost + + + - + - - - -start prob.
H B I boost + + + + + - - - -start prob.
F B I boost + + + + + - - - -start prob.

Boost +/- + + + + - + - -limited N
´Cuk - + + + + + + + -large ∆iC
Sepic - + + + + - + + -large ∆iC
Zeta - + + + - + + + -large ∆iC

Forward - - - - - + - +
T T forward - + - + - + + +
Push-Pull - + + - - + + +
Half bridge - + + + - + + + -large ∆iC
Full bridge - + + + - + + +

From the table A.2 it is seen that the flyback and forward converter has a lot of
minus and therefore they are excluded. The ´cuk, sepic and zeta converter is approxi-
mate the same as the boost converter, but they have a lower utilization of the switch.
Therefore, they are excluded and the boost converter is used to represent these con-
verters without a transformer. From table A.2 it is also noticed that the two-transistor
forward converters have almost the same drawbacks as the push-pull, half bridge and
full bridge converter, it has the additional drawback of not utilizing the transformer
core. Therefore, the two-transistor forward converter is excluded. All three isolated
boost converters has problems at start up, they do not work when the output voltage
is zero without additional components. And due to that all converters only can deliver
power in one direction the output capacitor of these can not be charged to the rated
voltage by the converter connected to their outputs. Therefore, these converter topolo-
gies are excluded. The isolated sepic converter is also excluded due to the complicated
transformer, the poor utilization of the transformer core and the high current ripple
trough the capacitor C1.

If the push-pull and half bridge converter are compared with the full bridge con-
verter it is noticed that the voltage over the switch in the push-pull converter is twice
the voltage over the switch in the full bridge converter. The current trough the switch
in the half bridge converter is twice the current trough the switch in the full bridge.
For the 2MW voltage adjusting converter often used in this work, the input ratings
are approximate Uin,R = 1kV and Iin,R = 2.2kA. With this rating, IGBT:s for the full
bridge converter are available today or almost available depending on the input voltage
range. But there is today (2003) no one available for the double voltage or current.
This means that in the push-pull or half bridge converter, two transistors must be series
connected or parallel connected, at each transistor position in the converter. But for
the full bridge converter one transistor can be used at each transistor position, there
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is no need for parallel or series connections. Therefore the full bridge converter is to
prefer of these three topologies.

This means that there is three candidates left of the topologies in table A.2 for the
voltage adjusting converter.

Boost
Full bridge
Isolated ´cuk

As mention before, the boost converter is to prefer if the transformation ratio is low
N < 5. The drawback of using the full bridge converter is the poor utilization of the
switches and diodes when the input voltage range is large compared with the isolated
´cuk converter. This means that the switches and diodes must totaly have a higher
power rating then the ´cuk converter. For example, if the input voltage is allowed to
vary between 0.25 and 1p.u. the total rating of the switches in the full bridge must
be approximately 2.2 times higher then for the isolated ´cuk converter and the total
rating of the diodes must be approximately 4.4 times higher. The drawbacks of using
the isolated ´cuk converter is that it needs some extra components C1, C2 and L1 com-
pared with the full bridge converter. The ripple in the current trough the capacitors
C1 and C2 are also high in the isolated ´cuk converter which is a drawback. Due to
this, the full bridge converter is used when a high transformation ratio is wanted for
the voltage adjusting converter.

For the series converter the same discussion as for the voltage adjusting converter
can be used with two additional requirements. One is that the converter topology must
have a transformer that can take up the high voltage difference between the low voltage
side and the high voltage side. The other is, that it is an advantage if the high voltage
side has a low number of components and that the components are small in physical
size. This is due to that these components must be isolated for a very high voltage
between the component and ground.

The transformer requirement makes the boost, ´cuk, sepic and the zeta converter
unusable. The flyback, forward, two transistor forward, isolated sepic, push-pull and
half bridge converter are excluded with the same arguments as for the voltage adjusting
converter. The start up problem with the isolated boost converters does not occur in
this configuration due to that the output capacitor is charged to the rated voltage by
the DC to AC converter on shore. This makes the three isolated boost converters,
push-pull, half bridge and full bridge, interesting for the series converter. The same
reasoning can be applied to these three isolated boost converter topologies as was made
for the push-pull, half bridge and the full bridge converter for the voltage adjusting
converter previous. But in these cases, the voltage over the switch is twice the voltage
over the switch in the full bridge isolated boost for both the push-pull and the half
bridge isolated boost converter. But the outcome is still the same, the full bridge
isolated boost converter is to prefer.

This means that there is three candidates left of the topologies in table A.2 for the
series converter.

Full bridge isolated Boost
Full bridge
Isolated ´cuk
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The drawback of using the full bridge isolated boost converter is that it requires a
large snubber compared to the other two topologies. The drawbacks of the full bridge
and the isolated ´cuk is the same as for the voltage adjusting converter with one ad-
ditional for both topologies. Both the full bridge and the isolated ´cuk converter has
a inductor on the output, which is large in size. Due to this the full bridge isolated
boost converter is used as the series converter.

A similar table to table A.2 can be put up to get a clearer overview of the differ-
ent topologies working as a DC-transformer. This is not done due to that the only
difference between these tables would be that the switch utilization for the forward,
two transistor forward, push-pull, half bridge and the full bridge converter is positive
instead of negative as in table A.2.

This gives that much of the discussions of choosing the right topology for the voltage
adjusting converter are valid even for choosing topology for the DC-transformer. The
only thing that does not have to be valid is the discussion about the push-pull, half
bridge and full bridge converter. This is due to that the input voltage and current for
the DC-transformer usually is much greater then 1kV and 2.2kA and therefore series
and parallel connections must be used in all three converter topologies. But due to that
the push-pull converter requires a transformer with three windings and the half bridge
converter has high ripple currents trough the capacitors C1 and C2, the full bridge
converter is still chosen of these three. Due to that the utilization of the switches and
diodes are not a problem for the full bridge converter working as a DC-transformer this
topology is to prefer of all topologies in table A.2 when a high transformation ratio is
needed. Otherwise the boost converter is to prefer.
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Appendix B

Loss modelling of components

In this appendix loss models of the components that are used in his work are derived
and described. All models are derived in steady state.

B.1 Gearbox

Gearboxes in wind turbines are used to adapt the low-speed rotation of the blades
to the high-speed rotation of the generator. The rotational speed of the generator is
typically around 1000-1500rpm and for a 2MW wind turbine the rotational speed of
the rotor is approximately 19rpm at rated wind speeds, as mention in Chapter 3.4.

The typical maximum increase of speed per step in a normal gearbox is 6:1. This
gives that for a 2MW wind turbine 3 steps are needed to increase the low speed of the
rotor to the generator speed. The number of steps influences the cost and efficiency
of the gearbox. In wind turbine gearboxes, the first step is usually a planetary gear
because it can be made smaller and with a higher gear ratio. The disadvantage with
the planetary gear is that the losses are higher.

The losses in a gearbox comes from different types of frictions, the four main losses
are [46] [14]:

• Gear teeth losses. They result from the friction at the tangent surfaces between
cog wheels.

• Bearing losses. In case of ball bearings it is due to strain hysteresis, friction in oil
slide, slide and micro slide due to the strain. For slide bearings the main cause
of losses is friction on oil slide.

• Seal losses. They result from the friction at the constant areas of the elastic
component of the ring and the shaft.

• Lubricant losses are due to the oil resistance, squeezing the oil out of inner tooth
space and splashing.

These four losses can be divided into two different parts, one that depends on the
rotation speed and one that depends on the input power. Gear teeth losses and some
of the bearing losses are dependent on the input power. This is due to that when the
input power increases, the pressure between the meshed teeth is higher and thereby the
friction losses increases and the stresses on the bearing increases when the input power
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increases which leads to higher losses. Normally these losses are modelled as a fixed
percentage of the input power and independent of the shaft speed. Bearing friction,
seal and lubricant losses are losses that comes from movement of shafts, cogwheels and
bearings and can therefore be modelled as dependent on the shaft speed only. This
leads to that the losses for a gearbox can be modulated as

Ploss = KP Pin + KωPn
ωin

ωn

. (B.1)

Where:
Pin input power [W]
Pn rated power [W]
ωin input speed [rad/s]
ωn rated speed [rad/s]
KP Constant for the power dependent losses =0.02
Kω Constant for the speed dependent losses =0.005

For a 0.5MW wind turbine gearbox the efficiency at rated load is approximately 97%
and for a 3MW wind turbine gearbox approximately 97.7% at rated load [22]. In fig-
ure B.1 the gearbox losses that will be used in this work is shown for a 2 MW gearbox.
From the figure B.1 it can be noticed that the gearbox model has an efficiency of 97.5%
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Figure B.1: Power loss for the gearbox in per unit of the rated power and for different
rotational speeds (0.5 0.8 1 1.2 p.u.).

at rated power and speed, which is a normal value as mention before.
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B.2 Induction generator

In this section a general model for the induction generator and the control strategy
for the different induction generator systems mentioned in section 4.1 are developed.
The control strategy for minimizing the losses in the generator is also discussed. As
noticed in section 4.1 the induction generator has been and still is commonly used in
wind turbines, this due to the simple and robust design.

B.2.1 Model of the induction generator

The general model of the induction generator can be derived by first consider the stator
circuit. If a voltage space vector ~vs

s is applied to the stator circuit, equation B.2 must be
valid. The space vector is given in the standstill stationary stator coordinate system,
denoted by (s). For the rotor circuit the same equation becomes equation B.3 by
applying the rotor state space voltage vector ~vr

r , given in the rotating rotor coordinate
system, denoted by (r). The rotor coordinate system is rotating with the electrical
rotating speed of the rotor.

~vs
s − Rs

~iss − Ns
d ~Φs

s

dt
= 0 (B.2)

~vr
r − Rr

~irr − Nr
d ~Φr

r

dt
= 0 (B.3)

Where:
~vs
s stator voltage space vector [V]

~vr
r rotor voltage space vector [V]

~iss stator current space vector [A]
~irr rotor current space vector [A]
~Φs

s stator flux space vector [Wb]
~Φr

r rotor flux space vector [Wb]
Ns number of turns in the stator [-]
Nr number of turns in the rotor [-]
Rs stator winding resistance [Ω]
Rr rotor winding resistance [Ω]

By using equation B.4 the rotor equation B.3 can be transformed from rotor coor-
dinates system to stator coordinates.

~vs
r = ejθr ~vr

r , ~isr = ejθr ~irr, ~Φs
r = ejθr ~Φr

r, θr =

∫

ωrdt (B.4)

Where:
ωr electrical speed of the rotor = pωmec [rad/s]
p pole pair number [-]
ωmec mechanical speed of the rotor [rad/s]

The rotor equation in stator coordinates becomes

~vs
r − Rr

~isr + jNrωr
~Φs

r − Nr
d ~Φs

r

dt
= 0. (B.5)
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Now the stator and rotor equations can be transformed to a coordinate system rotating
with the angular speed of the grid ωs, equation B.2 and B.5 becomes

Ns
d ~Φs

dt
= ~vs − Rs

~is − jNsωs
~Φs (B.6)

Nr
d ~Φr

dt
= ~vr − Rr

~ir + jNrωr
~Φr − jNrωs

~Φr. (B.7)

In steady state the derivatives are equal to zero and the equations becomes

~vs − Rs
~is − jNsωs

~Φs = 0 (B.8)

~vr − Rr
~ir + jNrωr

~Φr − jNrωs
~Φr = 0. (B.9)

By assuming linear magnetic relations the following equations are valid

Φs = Φsl + Φrs + Φsr =
Lsl

Ns

is +
Lrs

Nr

is +
Lsr

Ns

ir (B.10)

Φr = Φrl + Φsr + Φrs =
Lrl

Nr

ir +
Lsr

Ns

ir +
Lrs

Nr

is. (B.11)

Where:
Lsl stator leakage inductance [H]
Lrl rotor leakage inductance [H]
Lrs mutual inductance between stator and rotor [H]
Lsr mutual inductance between rotor and stator [H]

By implementing this relations in equations B.8 and B.9 these equations becomes

vs − Rsis − jωsLslis − jωs
Ns

Nr

Lrsis − jωsLsrir = 0 (B.12)

vr − Rrir + jNrωrΦr − jωsLrlir − jωs
Nr

Ns

Lsrir − jωsLrsis = 0. (B.13)

For homogenous materials with constant permeability the following relation holds Lsr =
Lrs. With this relation and with the substitutions in equations B.14 the rotor and stator
equations B.13 and B.12 can be rewritten as equations B.16 and B.15

ir =
Ns

Nr

i
′

r, vr =
Nr

Ns

v
′

r, R
′

r = (
Ns

Nr

)2Rr, L
′

rl = (
Ns

Nr

)2Lrl, Lm =
Ns

Nr

Lrs =
Ns

Nr

Lsr (B.14)

vs − Rsis − jωsLslis − jωsLmis − jωsLmi
′

r = 0 (B.15)

v
′

r − R
′

ri
′

r + jωrΦ
′

r − jωsL
′

rli
′

r − jωsLmi
′

r − jωsLmis = 0 (B.16)

Φ
′

r = NsΦr = Llr
Ns

Nr

Ns

Nr

i
′

r + Lsr
Ns

Nr

i
′

r + Lrs
Ns

Nr

is = L
′

rli
′

r + Lmi
′

r + Lmis. (B.17)

It shall be noticed that the substitutions in equation B.14 are the same as for a trans-
former. The equivalent circuit for the generator can be drawn as in figure B.2. For
the electro-mechanical power that is consumed by the generator the following equation
can be formulated

Pe = 3Re(jωrΦ
′

r ī
′

r) = −3Re(jωrNsΦsīs) = 3
Lm

Ls

Re(jωrΦsī
′

r) = −3
Lm

Lr

Re(jωrΦ
′

r īs)

= −3LmRe(jωri
′

r īs) = −3
Lm

LsLr − L2
m

Re(jωrΦ
′

rNsΦ̄s). (B.18)
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Figure B.2: Equivalent circuit for the induction generator.

Where:
Ls = Lsl + Lm stator inductance [H]
Lr = Lrl + Lm rotor inductance [H]
Pe > 0 Generator
Pe < 0 Motor

The model in equations B.15 and B.16 or in figure B.2 only take into account the
losses in the windings and not the losses in the iron and the friction losses. The iron
losses can be expressed with equation B.19 [40] [20].

PFE = Keω
2Φ2 + KhωΦn (B.19)

Where:
Ke constant for eddy current losses
Kh constant for hysteresis losses
Φ magnitude of the flux [Wb]
ω angular frequency of the flux [rad/s]
n constant, normally between 1,7 to 2,3

If the constant n is set to 2, the losses are directly proportional to the magnitude
of the flux in square. To easily modulate the iron losses in the stator and rotor, the
losses will be represented by two resistances. Due to that the iron losses are propor-
tional to the magnitude of the flux in square these two resistances will be put in parallel
with the stator inductance, Ls, and the rotor inductance, Lr, respective. Because the
voltage over these inductances are proportional to the magnitude of the fluxes and
therefore the power consumed of these two resistances will be proportional to the mag-
nitude of the flux in square, see figure B.2. The iron loss resistances for the stator and
rotor becomes

RFEs =
N2

s ω2
s

Kesω2
s + Khsωs

(B.20)

R
′

FEr =
ω2

s

Ker|ωs − ωr|2 + Khr|ωs − ωr|
. (B.21)

Where:
RFEs iron loss resistances for the stator
R

′

FEr iron loss resistances for the rotor
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As noticed from equation B.21 the iron loss resistance for the rotor is much higher
then the resistance for the stator due to that the frequency of the flux is much smaller.
The iron losses in the rotor is thus insignificant compared with the iron losses in the
stator in normal operation of the induction generator and are usually not specified.
Accordingly, the iron losses are in this report assumed to be equal to the losses in the
stator when the rotor stand still, which gives the same frequency in the rotor as in the
stator. This assumption is based on the fact that the saturation is higher in the rotor,
but there is a smaller amount of iron in the rotor then in the stator. This gives that
Kes = Ker and Khs = Khr.

For the mechanical losses in the generator they can be modulated with one term
that is proportional to the rotational speed and one term that is proportional to the
speed in cubic

Ploss,mec = T0|ωr| + Tk|ωr|3 (B.22)

Pmec = Pe + Ploss,mec. (B.23)

Where:
Ploss,mec mechanical losses in the generator
T0 constant friction torque
Tk constant for the friction torque proportional to the square of the speed
Pmec mechanical input power to the generator

If the iron losses and the friction losses are added to the model in figure B.2 the
equivalent circuit becomes as in figure B.3 and the equations becomes equations B.24
- B.37.

Figure B.3: Equivalent circuit for the induction generator with iron losses.
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RFEs =
N2

s ω2
s

Kesω2
s + Khsωs

(B.24)

R
′

FEr =
ω2

s

Ker|ωs − ωr|2 + Khr|ωs − ωr|
(B.25)

v′
r =

Ns

Nr

vr (B.26)

ir =
Ns

Nr

i′r (B.27)

Ψs = NsΦs = Lsli3 + Lmi3 + Lmi2 (B.28)

Ψr = Φ′
r = NsΦr = L′

rli2 + Lmi2 + Lmi3 (B.29)

v′
r = (R′

r + R′
FEr)i

′
r − (R′

FEr − jωr(L
′
rl + Lm))i2 − jωrLmi3 (B.30)

0 = −R′
FEri

′
r + (R′

FEr + jωs(L
′
rl + Lm))i2 + jωsLmi3 (B.31)

0 = jωsLmi2 + (RFEs + jωs(Lsl + Lm))i3 − RFEsis (B.32)

vs = −RFEsi3 + (Rs + RFEs)is (B.33)

Pe = 3Re(jωrΦ
′

r ī
′

r) (B.34)

Plossel = 3(RFEs|is − i3|2 + R′
FEr|i′r − i2|2 + Rs|is|2 + R′

r|i′r|2) (B.35)

Plossmec = T0|ωr| + Tk|ωr|3 (B.36)

Pmec = Pe + Plossmec (B.37)

In figure B.4 the power flow and references of the induction generator is shown

Figure B.4: Power flow in the induction generator.

B.2.2 Variable speed of the induction generator with a full

power converter

For a drive with full variable speed with an induction generator, a squirrel-cage induc-
tion generator is usually used. This gives that the rotor voltage vr is equal to zero. The
full power converter is connected between the stator of the generator and the grid. In
case of a wind turbine this would mean that the power electronic converter is connected
between the generator and the wind turbine transformer, as shown in figure 4.6.
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The advantages, as mention before, by having variable speed on a wind turbine are
that the mechanical loads can be lowered, the output power variations to the grid can
be reduced compared to a fixed-speed turbine and the reactive power can be controlled.

The energy capture can be increased by controlling the speed so that the turbine
always is operating at the highest efficiency, this means the maximum value of Cp(λ).
From figure 3.2 it is seen that the λ value should be around 9 to give the highest
efficiency of the turbine. Holding λ constant means that the ratio between the rotating
speed of the turbine and the wind speed is constant. This gives that a higher wind
speed gives a higher rotating speed but as mention before the upper rotating speed
of the turbine is limited by the mechanical structure of the blades and by the noise
emission of the turbine. As mention in section 3.4, the rotational speed limit of the
blades is set to 19rpm.

Another thing that can be done to increase the efficiency of the wind turbine at
low wind speeds is to lower the magnetization of the induction generator. From equa-
tion B.19 it is seen that if the flux decrease the iron losses drops. In equation B.18 it
is also seen that if the flux decreases, the current must increase to keep the power con-
stant. This gives that when the flux is lowered to decrease the iron losses, the losses in
the stator and rotor winding increases, unless the machine is lightly loaded. This gives
an optimal flux for a given mechanic input power and rotational speed that minimizes
the losses in the generator. With some approximations the optimal voltage magnitude
can be derived from equations B.24 - B.37. By assuming that Ψs = Ψsd + j0 and that
ωr and ωs are known the following can be derived

is = isd + jisq = isd + j
−Pe

3ωrΨs

i′r = i′rd + ji′rq =
Ψs

Lm

− Ls

Lm

isd + j
Ls

Lm

Pe

3ωrΨs

.

Now assume that i′r = 0 and Rs = 0 which gives that

Ψs = Lsis ⇒ isd =
Ψs

Ls

⇒ ird = 0

vs = jωsΨs ⇒ U = |vs| = ωsΨsd.

From this the, electrical losses of the induction generator can be calculated as func-
tion of the voltage amplitude, U . From this an approximative equation that gives
a minimum of the electrical losses in the induction machine can be calculated as in
equation B.38.

U = ωs
4

√

L2
s

L2
m

RsL2
m + R′

rL
2
s + (Ke|ωs − pωr|2 + Kh|ωs − pωr|)(L2

m − LsL′
r)

2

Rs + ω2
sL

2
sKe + ωsL2

sKh + L2
m(Ke|ωs − pωr|2 + Kh|ωs − pωr|)

(
−Pe

3ωr

)2

(B.38)

In figure B.5 the approximate voltage in equation B.38 and the stator frequency is
shown for a 2MW wind turbine as function of wind speed. From the left plot in
figure B.5 it is seen that the rotational speed of the turbine increases linearly with the
wind speed up to the maximal value and then it is held constant. This is done in order
to have the maximum efficiency of the turbine as discussed previously. In the right
plot in figure B.5 it can be noticed that the approximative voltage value is rather good
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Figure B.5: In the left plot the black curve is the electrical rotational speed ωr of the
generator and the grey is the stator frequency ωs. In the right plot the voltage that
minimizes the losses for the IG is shown, black curve is from equation B.38 and the
grey the exact voltage.

compared with the exact value that minimizes the losses. All wind turbine with full
power converters and induction generators in this study has this type of control of the
rotational speed and amplitude of the voltage.

In addition, the reactive power is fully controllable with the converter. This gives
the benefit that the wind turbine can produce power with a power factor of one.

B.2.3 Variable speed of the induction generator with a rotor
converter

For the variable speed system of the induction generator with a rotor converter, an
induction generator with a wound rotor and slip rings is used. The stator of the
generator is connected to the wind turbine transformer and between the rotor and the
wind turbine transformer a converter is connected, as can be seen in figure 4.4.

Since the stator is connected to the wind turbine transformer, the stator voltage and
frequency is almost fix. This means that the amplitude of the flux is almost constant
and therefore it is not possible to affect the iron losses in the same way as with the
stator-connected converter. However, it is possible to reduce the iron loses at low load.
In [36] two ways are presented: The stator can be short-circuited and the generator can
then be driven as a full variable speed system with the supply from the rotor, or use a
∆/Y connector between the stator and the wind turbine transformer can be used, as
shown in figure 4.4. In this work and in [36] the ∆/Y connector is chosen. This means
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that at low wind speeds, the generator is Y-connected and ∆-connected at high wind
speeds. This gives that the stator voltage is

√
3 times lower at low wind speeds and

thereby the iron losses are approximately 3 times lower.
The speed regulation strategy for this system is the same as for the system with a

full power converter connected to the stator, it is to keep the λ value constant. From
figure B.3 and equations B.24 - B.37 it is noticed that the rotational speed of the
generator can be controlled by changing the frequency in the rotor, ωrotor = ωs − ωr.
But it is also noticed that the rotor voltage must increase as the rotational speed
changes from the synchronous speed. Otherwise the current will be too large, the
voltage of the voltage source in the rotor, jωrΨ

′
r, plus the rotor voltage, v′

r, must be in
the same range as the stator voltage. This means that if the generator stands still, the
rotor voltage, v′

r, must be in the same range as the stator voltage, vs, in order to keep
the current within the rated one. Since the rotor current, i′r, is of the same magnitude
as the stator current, is, the rated power of the converter needed to drive the machine
also at zero speed is the same as for the full power converter in section B.2.2. However,
if the rotor converter systems has a limited speed range around synchronous speed, it
is possible to utilize a converter with a lower rated power. This is done in order to
decrease the losses and the cost of the converter. The speed domain is typically ±30%
of the synchronous speed which gives a rotor voltage v′

r of approximately ±30% of the
stator voltage. But in order to have a small rotor current and to have a converter with
standard valves, the winding ratio between the stator and rotor often is set so that the
rotor has a higher number of turns, for example the rotor voltage can be 690V line to
line, at the maximum speed derivation from synchronous speed.

Another quantity that can be controlled by the rotor voltage is the reactive power
that the generator consumes from the grid. By controlling the rotor voltage the gen-
erator can consume or produce reactive power. But often it is wanted that the gen-
erator shall neither consume or produce reactive power. By controlling the frequency,
amplitude and phase angle of the rotor voltage space vector, the rotational speed, elec-
trodynamic torque and reactive power consumption of the induction generator can be
controlled. By making some approximations and assumptions the rotor voltage vector
can be derived from equations B.24 - B.37. Assume that vs, ωs, ωr, Pe are known and
that the reactive power to the stator Qs shall be equal to QsRef and that vs = 0 + jU .
Approximate Rs = R′

r = 0 and RFEs = R′
FEr = ∞ then the following holds

Pe = 3Re{ ωr

ωs − ωr

v′
r ī

′
r} (B.39)

Qs = 3Im{vsīs}. (B.40)

If now i′r and is are expressed in v′
r and vs the following can be derived

v′
r = −ωs − ωr

ωr

ωs(LslLr + LmLlr)

LmU

Pe

3
+

j
ωs − ωr

ωs

(Lrl + Lm)U 2 − ωs(LsLrl + LmLsl)
QsRef

3

LmU
. (B.41)

In figure B.6 the rotor voltage and rotational speed for the 2MW wind turbine that
is used in this report are shown as function of the wind speed. From the left plot in
figure B.6 it is seen that the rotational speed is limited upwards to 410 rad/s, that
the electrical drive system can give as low speeds as is desired. This is due to the
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Figure B.6: In the left plot the black curve is the electrical rotational speed ωr of the
generator and the grey is the stator frequency ωs. In the right plot the rotor voltage
vr is shown, black curve is from equation B.41 and the grey the exact voltage, solid is
the real part and dashed imaginary part.

∆/Y connector used in the stator circuit, at low wind speeds the stator voltage is
√

3
times lower and this also means that the rotor voltage is

√
3 times lower. By this it is

possible to run the generator at a lower rotational speed with the same voltage rating
of the converter. From the right plot in figure B.6 it is noticed that the approximate
equation B.41 gives a very good result compared with the exactly calculated voltage.
(The grey curve cannot be distinguish from the black one)

In figure B.7 the power flow in the rotor converter system is shown. From figure B.7
it can be noticed that the power into the rotor is a third of the rated power of the
generator which means that a smaller and cheaper converter can be used compared to
the case with the full power converter system in section B.2.2. It is also noticed that
when the generator is operating below synchronous speed, active power is feed into the
rotor circuit and when it is operating above synchronous speed active power is taken
out from the rotor. From the figure it can also be seen that the reactive power to the
stator is zero, black dashed line.

B.3 Synchronous generator

In this section, a general model for the synchronous generator with a round rotor and
the control strategy for the three different synchronous generator systems mentioned
in chapter 4 are developed. As noticed in section 4.1.3 the by far most commonly used
type of synchronous generator in wind turbines is the directly driven generator, this
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Figure B.7: Power flow in the rotor converter system. Black curve is the power from
the stator, grey power from the rotor, solid lines active power and dashed lines reactive
power. Dotted line total active power to the wind turbine transformer.

due to that the gearbox can be removed with this type of generator.

B.3.1 Model of the generator

The model for the synchronous generator can be derived in the same way as for the
induction generator. The stator circuit of the synchronous generator is similar to the
stator circuit of the induction generator, therefore the stator equation B.2 for the
induction generator must hold for the synchronous generator

~vs
s − Rs

~iss −
d ~Ψs

s

dt
= 0.

In this case the stator flux linkage becomes

~Ψs
s = Ls

~iss + ~Ψs
r. (B.42)

In equation B.42 ~Ψs
r is the rotor flux linkage that is formed by the permanent magnets or

from the magnetizing coil in the rotor. In a synchronous generator which is electrically
magnetized, the rotor flux instead comes from a field winding. The rotor flux linkage is
displaced by an angle θ, the rotor position, compared to the rotating stator coordinate
system and can therefore be expressed as

~Ψs
r = Ψmejθ (B.43)

~Ψs
r = KmagIfe

jθ. (B.44)
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Where:
Ψm Magnetization flux linkage from the permanent magnets
Kmag Magnetization constant
If Field current [A]
θ Angle between the rotor flux linkage and the rotating stator coordinate system

Where equation B.43 shall be used if the generator is permanently magnetized and
equation B.44 if the generator is electrically magnetized. In the following only the
permanently magnetized generator is considered and equation B.43 is used to describe
the connection between the stator and rotor. If an electrically magnetized generator
is desired instead of the permanently magnetized, it is just to substitute Ψm against
KmagIf in the following equations. By inserting equation B.43 into equation B.42 the
following equation is obtain, with ωr = dθ

dt

Ls
d~iss
dt

= ~vs
s − Rs

~iss − jωrΨmejθ. (B.45)

Now, by transforming equation B.45 to stator coordinates by the angle θs and assuming
steady state operation as in section B.2.1 the equation becomes

vs = Rsis + jωsLs + Ep (B.46)

Ep = jωsΨmej(θ−θs) = jωsΨmejθ̃. (B.47)

Where:
ωs = dθs

dt
Angular frequency of the grid, in steady state = ωr

EP Back-emf of the synchronous generator

θ̃ torque angle

If the iron losses of the generator is introduced in the same way as in section B.2.1 the
equivalent circuit for the synchronous generator in steady state operation becomes as
in figure B.8. The equations that describes the permanently magnetized synchronous

Figure B.8: Equivalent circuit of the synchronous generator.
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generator can be formulated as

RFEs =
ω2

s

Kesω2
s + Khsωs

(B.48)

vs = (Rs + RFE)is + RFEi2 (B.49)

Ep = RFEis + (RFE + jωsLs)i2 (B.50)

Ep = jωsΨmejθ̃ (B.51)

Ψs = Lsis +
Ep

jωs

(B.52)

Pe = 3Re(Epī2) (B.53)

Plossel = 3(RFE|is + i2|2 + Rs|is|2) (B.54)

Plossmec = T0|ωr| + Tk|ωr|3 (B.55)

Pmec = Pe + Plossmec. (B.56)

If the generator is electrically magnetized two of the equations above shall be changed
to

Ep = jωsKmagIfe
jθ̃ (B.57)

Plossel = 3(RFE|is + i2|2 + Rs|is|2 + RfieldI
2
f ). (B.58)

Where:
Rfield Resistance of the field winding

In figure B.9 the reference directions of the power flows in the synchronous genera-
tor are shown.

Figure B.9: Power references of the synchronous generator.

B.3.2 Variable speed with full power converter

The control of the synchronous generator by a self commutating converter can be done
in several ways. The rotational speed of the generator is controlled so that the turbine
is operating at its maximum efficiency, same as for the induction generator system in
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Figure B.10: Different control methods for the stator voltage.

section B.2.2. The stator voltage can be controlled in at least three different ways
according to [22], in figure B.10 these ways are presented. In figure B.10 the stator and
iron loss resistance are neglected. In case a) the stator voltage is controlled so that the
reactive power in to the generator is zero. This gives that the stator voltage at rated
load is lower then the internal emf. In this case the converter must be rated for the
no-load emf which is higher, then the stator voltage at rated voltage. This gives that
the converter must have a higher kVA rating. In case b) the amplitude of the stator
voltage is kept equal to the amplitude of the internal emf. In this case, the reactive
power to the inductance is provided equally from the converter and from the internal
emf. This control method maximizes the active power from a generator and inverter
with the same kVA rating. In case c) the stator voltage is controlled so that the stator
current is in phase with the internal emf of the generator. With this control method
the internal emf of the generator is lower then the stator voltage at rated load. This
also means that the kVA rating of the generator and converter must be higher. Based
on the properties of these three methods, control method b) will be selected due to the
fact that it utilizes the generator and converter best. By assuming Ep = jωsΨm and
|vs| = |Ep| = ωsΨm the following holds

Pe = 3Re{Epī2} = 3ωsΨmi2q →

i2q =
Pe

3ωsΨm

. (B.59)

and the stator voltage can be expressed as

vs = vsd + jvsq = ωsLs(1 +
Rs

RFE

)i2q − Rsi2d

+ j{ωs(1 +
Rs

RFE

)Ψm − Rsi2q − ωsLs(1 +
Rs

RFE

)i2d}. (B.60)

Using equation B.59 and B.60 and the assumption that the amplitude of the stator
voltage and the amplitude of the internal emf are equal, the current component i2d can
be calculated by solving the second order equation. From the current components i2d

and i2q the stator voltage can be calculated from equation B.60. In figure B.11, the
stator voltage, internal emf and the rotational speed for a 2 MW wind turbine with a
directly driven permanently magnetized generator are shown. From the right plot in
figure B.11 it is noticed that the speed follows the wind speed up to the nominal speed
and after this it is held constant. This is done in order to maximize the efficiency of
the blades as mention before. From the left plot it is observed that the magnitude of
the stator voltage is equal to the magnitude of the internal emf.
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Figure B.11: Left plot the stator voltage, black, and internal emf grey. Solid real part
and dashed imaginary part. Right plot rotational speed of the generator.

B.3.3 Variable speed system with diode rectifier

When connecting the permanently magnetized generator to a diode rectifier, some
form of reactive power compensation must be used in order to utilize the generator
fully. In [21] it is shown that the best way of doing this is to connect capacitors in
series between the stator and the diode rectifier, as shown in figure B.12. From [21] it

Figure B.12: Permanent magnetized generator connected to a three phase diode recti-
fier with series compensation of reactive power.

was concluded that if no compensation is used, the maximum produced power of the
generator is strongly limited. This is due to the fact that the voltage drop over the
internal impedance of the generator is too large, so that the stator voltage decrease.
This leads to that the output power of the generator decreases and at sufficiently high
currents, the stator voltage equals zero. By supporting the generator with reactive
power this effect can be reduced. In figure B.13 the maximum mechanical input power
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to the PM generator is shown for rated speed and as function of the stator current
and the degree of reactive power compensation. From figure B.13 it is seen that if the
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Figure B.13: The maximum mechanical input power to the PM generator for different
degrees of compensation, solid black full compensation, solid grey half compensation
and dashed no compensation at rated speed.

compensation does not fully compensate for the machine inductance and the system
will still have a limited input power. This means that some caution must be taken when
designing the wind turbine and the electrical system if a reduced compensation is used.
The reason for this is, if the input power to the generator exceeds the maximum for
some reasons, large gust etc, the speed will accelerate quickly. In [21] it was shown
that the case with half compensation is sufficient for wind turbine applications and
therefore half compensation is used in this work.

Normally there will be a voltage drop in the diode rectifier due to the fact that
the commutation of the current from one valve to another is not instantaneous. The
reason for this is the inductances in the commutation circuit, se [51]. In the case using
series compensation, the commutation circuit is more complicate. The commutation is
faster due to the capacitors that helps under the commutation interval, therefore the
introduced error is less compared to the case without the capacitors. Therefore the
voltage drop due to commutation is neglected.

Another approximation that is done is that the stator current is is assumed to be
sinusoidal. From [21] it can be observed that this gives a good agrement with a more
exact model for currents up to rated current.

By controlling the DC-voltage to the diode rectifier, the speed of the generator can
be controlled |Ep| = ωsΨm ' |vs| ∼ UDC . This means that there exist two ways of
controlling the wind turbines, to connect them to a common DC-buss (fix DC-voltage
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→ fix speed system) or by connect them via a DC/DC-converter (variable DC-voltage
→ variable speed system). For both these systems the following assumptions can be
made to calculate the working point of the wind turbine

vs = vsd + jvsq = jU = j
π

3
√

6
UDC

is = isd + jisq = jI

Pe = 3Re{Epī2} = 3{Epdi2d + Epqi2q}.

From these equations and the equivalent circuit in figure B.12 the stator current and
voltage can be calculated as

is =
Epd

RFE

− i2d +
ωsLs

RFE

i2q + j[
Epq

RFE

− i2q −
ωsLs

RFE

i2d] = jI →

i2d =
Epd

RFE

+
ωsLs

RFE

i2q (B.61)

vs =
Epq

ωsCcompRFE

+ (1 − ωsLs

ωsCcompR2
FE

)Epq + (ωsLs −
1

ωsCcomp
− ω2

sL
2
s

ωsCcompR2
FE

)i2q

+ j[(
Rs

RFE

+ 1)Epq −
ωsLsRs

R2
FE

Epd − (Rs +
ω2

sL
2
sRs

R2
FE

)i2q − ωsLsi2d]

= jU →

i2q = −RFEEpq + (ωsCcompR
2
FE − ωsLs)Epd

ω2
sLsCcompR2

FE − R2
FE − ω2

sL
2
s

. (B.62)

From equations B.61 and B.62 the stator voltage and the electric power taken from the
shaft can be written as

vs = j[1 +
Rs

RFE

+ (Rs +
ω2

sL
2
sRs

R2
FE

+
ω2

sL
2
s

RFE

)
RFE

ω2
sLsCcompR2

FE − R2
FE − ω2

sL
2
s

]Epq

− j[
ωsLsRs

R2
FE

+
ωsLs

RFE

− (Rs +
ω2

sL
2
sRs

R2
FE

+
ω2

sL
2
s

RFE

)
ωsCcompR

2
FE − ωsLs

ω2
sLsCcompR2

FE − R2
FE − ω2

sL
2
s

]Epd (B.63)

Pe = 3(
1

RFE

− ωsLs

RFE

ωsCcompR
2
FE − ωsLs

ω2
sLsCcompR2

FE − R2
FE − ω2

sL
2
s

)E2
pd

− 3
RFE

ω2
sLsCcompR2

FE − R2
FE − ω2

sL
2
s

E2
pq

− 3
ωsCcompR

2
FE

ω2
sLsCcompR2

FE − R2
FE − ω2

sL
2
s

EpdEpq. (B.64)

For the fix speed system, i.e. a fix DC-voltage, the working point of the wind turbine
can be calculated by an iterative process. First equation B.63 is solved for Epd and the
solution is inserted into equation B.64. From this equation, the voltage Epq can now
be expressed as function of the frequency ωs and the electrodynamic power Pe. Now
the frequency of the stator voltage is determined approximately using the relation
|vs| = |Ep| = ωsΨm. The electrodynamic power is calculated from equation B.56
and this power is used to calculate the voltages Epd and Epq. The new frequency is
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calculated by ωs =

√
E2

pd
+E2

pq

Ψm
. This process is repeated until sufficient accuracy is

reached.

For the variable speed system, variable DC-voltage, the rotational speed of the
turbine is known and accordingly also the frequency and the power from the turbine.
Therefore, the voltage Ep can be solved directly from equation B.64 with the additional
restriction that E2

pd + E2
pq = ω2

sΨ
2
m.

In figure B.14 the stator voltage, internal emf and the rotational speed of the two
systems are shown.
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Figure B.14: In the left plot the stator voltage (black) and the internal emf (grey)
are shown for the fix speed system, solid real part and dashed imaginary part. In the
center plot the stator voltage (black) and the internal emf (grey) are shown for the
variable speed system, solid real part and dashed imaginary part. In the right plot the
rotational speed of the two systems are shown, black fix speed and grey variable speed.

B.4 Transformer

The loss model for the transformer can be derived in the same way as for the induction
generator. The only difference is that the rotational term for the rotor circuit is, of
course, not needed and thus removed. This gives that the equivalent circuit becomes
as in figure B.15. From the circuit in figure B.15 the following equations can be

151



Figure B.15: Equivalent circuit of the transformer.

formulated, which describes the steady state performance of the transformer

RFE1 =
ω2

s

Ke1ω2
s + Kh1ωs

(B.65)

R
′

FE2 = RFE1 (B.66)

v′
2 =

N1

N2

v2 (B.67)

i2 =
N1

N2

i′2 (B.68)

Z ′ = (
N1

N2

)2Z (B.69)

v′
2 = (R′

2 + R′
FE2)i

′
2 − R′

FE2i3 (B.70)

0 = −R′
FE2i

′
2 + (R′

FE2 + jωs(L
′
l2 + Lm))i3 + jωsLmi4 (B.71)

0 = jωsLmi3 + (RFE1 + jωs(Ll1 + Lm))i4 − RFE1i1 (B.72)

vs = −RFE1i4 + (R1 + RFE1)i1 (B.73)

Ploss = 3(RFE1|i1 − i4|2 + R′
FE2|i′2 − i3|2 + R1|i1|2 + R′

2|i′2|2). (B.74)

Where:
R1 and R2 Winding resistance [Ω]
L1 and L2 Leakage inductances [H]
RFE1 and RFE2 Iron loss resistances [Ω]
Lm Magnetization inductance [H]
N1 and N2 Number of turns for the windings
Z Arbitrary impedanse

To modulate transformers with more than two windings per phase it is only to add
circuits in parallel with the second one, denoted 2. This means for example that if a
three winding transformer is modulated, R3, L3, RFE3 are added and an ideal trans-
former with transformer ratio N1 : N3 is connected in parallel over the magnetization
inductance.

As an approximation, the losses in the transformer can be described by equa-
tion B.75. This approximation is obtained by assuming that, for the no-load losses,
the voltages over the iron loss resistances are constant, and for the load losses that the
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voltages v1 and v2 in figure B.15 are constant.

Ploss = SnP0 +
Pk

Sn

S2
in (B.75)

Where:
Ploss Power loss in the transformer [W]
Sn Rating of the transformer [VA]
Sin Input power to the transformer [VA]
P0 Per unit no-load losses [-]
Pk Per unit load losses [-]

As can be noticed from equation B.75, the no-load losses increases if the transformer
is over-dimensioned, Sn > Sin,rated, compared to if it is not. On the other hand, the
load losses decreases if the transformer is over-dimensioned.

B.5 Cables

In this section, loss models for AC and DC cables are derived, and also a loss model
for the inductance used for compensating of the reactive power produced by long AC-
cables. The information for the cable loss models is taken from [13], [12] and [11].

B.5.1 AC cable

In this work all AC cables are assumed to be three core cables with XLPE insulation.
The parameters of the AC cables are taken from [13] and [12]. The parameters that are
used for the loss models are the conductor resistance, the inductance, the capacitance
and the dielectric loss angle. As normal, for cable parameters, they are given per km.

Due to the alternating electrical field inside the cable there are losses in the in-
sulation. These losses are given as a loss angle in the data sheets and the equivalent
resistance can be calculated with equation B.76.

RDloss l =
1

ωCl tan δ
(B.76)

Where:
RDloss l Dielectric loss resistance [ohm/km]
ω Frequency of the electrical field [rad/s]
Cl Capacitance of the cable [F/km]
tan δ Loss angle = 2 · 10−4 for XLPE cables [-]

The conductor resistance in data sheets is often given in DC-resistance and for a
conductor temperature of 20oC. But in an electrical system, the cable is often dimen-
sion to have a conductor temperature of 60oC and the frequency of the current is in
this work 50Hz, when using an AC network. Therefore the resistance must be recal-
culated for these conditions, equation B.77 is used for the temperature correction and
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equations B.78 and B.79 for the frequency corrections.

RT = RT0
T + 273

T0 + 273
(B.77)

Rω ≈ RDC [1 +
1

48
(
r

δ
)4] if

r

δ
< 1.5 (B.78)

Rω ≈ RDC [
1

4
+

1

2

r

δ
+

3

32

δ

r
] if

r

δ
> 3 (B.79)

δ =

√

2

ωσµ
(B.80)

δCu =

√

2

2π50 · 59.88 · 106 · 4π · 10−7
= 9.20mm

δAl =

√

2

2π50 · 37.74 · 106 · 4π · 10−7
= 11.59mm

Where:
T0 Reference temperature [oC]
T Temperature of the conductor [oC]
RT0 Resistance at reference temperature [Ω]
RT Resistance at temperature T [Ω]
RDC Resistance for DC-current [Ω]
Rω Resistance at frequency ω [Ω]
r Radius of the conductor [m]
δ Skin depth [m]
ω Frequency of the current [rad/s]
σ Conductivity of the conductor [S/m]
µ Permeability of the conductor [Vs/Am]
δCu Skin depth for copper conductor and 50 Hz
δAl Skin depth for aluminium conductor and 50 Hz

For power cables, the conductor radius varies from approximate 6 to 56mm which
gives a conductor area of 25 to 2000 square millimeters. From this it is noticed that
the ratio between the conductor radius and the skin depth varies approximate from
0.5 to 5.8. This gives that for some values of conductor radius none of the two equa-
tions B.78 or B.79 are valid. For these cases a mixture of the two equations are used
to construct a continuous function.

To compensate for the extra losses due to the reactive power production in long
cables the long line equations are used, [7]

Rc + iωLc = (Rl + iωLl)
sinh(

√

(Rl + iωLl)(
1

RDloss,l
+ iωCl)l)

√

(Rl + iωLl)(
1

RDloss,l
+ iωCl)

(B.81)

RDloss + iωCc = (
1

RDloss,l

+ iωCl)
tanh(

√

(Rl + iωLl)(
1

RDloss,l
+ iωCl)

l
2
)

√

(Rl + iωLl)(
1

RDloss,l
+ iωCl)

.(B.82)

Where:
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Rl Conductor resistance per km [Ω/km]
Ll Inductance of the cable per km [H/km]
RDloss,l Dielectric loss resistance per km [Ω/km]
Cl Capacitance of the cable per km [F/km]
ω Angular frequency of the grid [rad/s]
l Length of the cable [km]

From equations B.81 and B.82 the parameters for the π-model of the cable in fig-
ure B.16 are taken.
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Figure B.16: Equivalent circuit of the cable for AC voltages.

If the model of the cable presented in figure B.16 and equations B.81 and B.82 are
analyzed with the parameters given in [13] and [12] for sea cables the approximative
loss model presented in equation B.83 can be delivered.

Ploss = P0l + C0l
3 + Pkl

S2
in

S2
n

(B.83)

Where:
Ploss Losses [W]
P0 and C0 No-load parameters
Pk Load parameters
Sin Input power [VA]
Sn Rated power of the cable = 3VratedIrated [VA]
l Length of the cable [km]

From equation B.83 it can be noticed that the power losses at rated operation are
independent of the rating of the cable, i.e for a given length and Sin = Sn the power
losses of the cable is independent of the rating, Sn, of the cable. This is due to the
fact that the outer diameter of the cable does not change so much when the conductor
area increases, increased rating, and therefore the cooling area of the cable is relative
constant. This means that the same power loss can be cooled to keep the conductor
temperature constant.

Another interesting result is that the no-load losses has two components, one that
increases linearly with the cable length due to the fact that the resistance RDloss de-
creases inversely proportional to the cable length. The other term increases with the
cube of the cable length. This can be explained if we for the moment describes the
cable with a number of series connected π-models. When the cable is connected to an
AC voltage, the cable capacitance will start to produce reactive power, which has to
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go through the conductor resistance, Rc, and this gives a power loss. We know that
the capacitance and the resistance increases linearly with the cable length. The load
losses in the resistance, Rc, can be approximately described with PkS

2
in. Due to that

the reactive power production increases linearly, the input power, Sin increases linearly
with the cable length and since the resistance increases linearly, the factor Pk increases
linearly with the cable length. This gives that the losses in the conductor resistance
increases with the cube of the cable length. Since this power loss arises as soon the
cable is connected to an AC voltage this is modulated as a no-load loss.

In table B.1 the parameters of the approximative loss model of the AC cable are
shown for the AC cables used in this work. As can be noticed from table B.1 the
no-load losses are small compared to the load losses of the cable.

Table B.1: The parameters of the approximative loss model of the AC cables used in
this work.

Voltage P0 C0 Pk

11kV 5.01 0.0212 57656
22kV 13.08 0.0354 57656
33kV 21.48 0.0421 57656
45kV 38.40 0.0694 57656
66kV 70.71 0.1069 57656
132kV 200.87 0.1726 49470
220kV 530.30 0.2982 51211

B.5.2 DC cable

The cable for DC is constructed in similar way as an AC-cable, therefore the same
model can be used for the DC-cable as for the AC-cable. But since the models in this
chapter only is derived for steady state operations, the model for the DC-cable reduces
to only the conductor resistance Rc as shown in figure B.17. The only correction

Figure B.17: Equivalent circuit of the cable for DC voltages.

that is needed for this model is to recalculate the resistance to the right temperature.
Equation B.77 is used for this, the same as for the AC case.

In the same way as for the AC-cable an approximative loss model for the DC cable
can be delivered. This model has only load-losses as can be seen in equation B.84

Ploss = Pkl
P 2

in

P 2
n

(B.84)
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Where:
Pk Load parameter = 58742
Pin Input power [W]
Pn Rated power of the cable = VratedIrated [W]
l Length of the cable [km]

B.5.3 Cable compensating inductor

From appendix B.5.1 it is known that AC-cables has a large internal capacitance be-
tween the conductor and earth. This capacitance produces reactive power that has
to be taken care of, especially if the cable is long. This is often done by inserting
shunt inductances in both ends of the cable. These inductances are designed as three
phases transformers but with only one winding per phase and with air gaps in the iron
core. Because of the similarities between the transformer and the inductor these will
be modulated in the same way, in figure B.18 the equivalent circuit of the inductor is
shown. In figure B.18 the resistance R1 is the winding resistance, RFE is the iron loss

Figure B.18: Equivalent circuit of the compensating reactor for cables.

resistance and L is the inductance. The no-load losses of the reactor is set equal to the
no-load losses of a transformer with the same VA rating. The load losses is set to half
the load losses of a transformer with the same VA rating, since we only have a primary
winding.

B.6 Converters

Converters is used to transform AC to DC, DC to AC or for transforming one DC
voltage to another DC voltage. For rectifiers or inverters this can be done by using
grid commutating converters or self commutating converters. The grid commutating
converters uses diodes or thyristors as main components and the self commutating
converters uses transistors, mosfet transistors, GTOs or IGBTs as main components.
The self commutating converters offers much higher controllability over the voltages and
currents, then the grid commutated converters do. This is due to the fact that in the
self commutated converter the on and off switching of the valves are fully controllable
but in the grid commutating converter none or one of these are controllable.
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In this section the loss models of the converters used in this work are derived. The
converters that will be treated are the diode rectifier, the IGBT inverter and the three
DC/DC converters chosen in appendix A i.e boost, full bridge and full bridge isolated
boost converter.

B.6.1 Diode rectifier

The diode rectifier will be modulated with a current stiff DC-side, as can be seen in
figure B.19, assuming a large inductor. This is not true for all applications of the diode
rectifier in this work, but the differences will be neglected. The current harmonics on
the AC-side and the commutation time due to leakage inductances in the AC circuit
will also be neglected. The losses in the rectifier will be modulated using conduction

U
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R
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V
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Figure B.19: Diode rectifier with a current stiff DC-side.

losses only, forward voltage drop and a resistance, as can be seen in figure B.19. The
DC-voltage, VDC , can be calculated as the mean value of the voltage u(t) and with the
current stiff DC-side the DC-current, IDC , is assumed to be constant which gives

VDC =
3

π

∫ π
3

0

√

2

3
Uin cos(ν) +

√

2

3
Uin cos(ν − π

3
) − 2R0dIDC − 2V0d

dν

dt

=
3
√

2

π
Uin − 2(R0dIDC + V0d). (B.85)

Where:
Uin Line to line voltage [V]
VDC DC-voltage [V]
IDC DC-current [A]
R0d Conducting resistance for one diode [Ω]
V0d Threshold voltage for one diode [V]

With the given assumptions above, the power flow of the diode rectifier can be de-
scribed as:

Ploss = 2R0dI
2
DC + 2V0dIDC (B.86)

Pout = VDCIDC (B.87)

Pin =
√

3UinIin = Ploss + Pout (B.88)

Qin = 0. (B.89)
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Where:
Iin Fundamental phase current [A]
Ploss Power loss in the diode rectifier [W]
Pout Output power [W]
Pin Input active power [W]
Qin Input reactive power [VAr]

The reactive power into the diode rectifier is assumed to be zero because the volt-
age and current are assumed to be in phase.

B.6.2 Hard-switched IGBT-inverter

In this section losses in rectifiers/inverters with IGBT valves are studied in detail,
but the methods used is applicable to any self commutating converter with the same
behavior. The theory used comes from articles [8],[9] and [33] and thesis [1]. IGBT
converters are usually designed as in figure B.20 with a stiff DC-voltage which comes
from the large capacitors on the DC-buss. This type of converter is therefore usually
called VSI (Voltage Source Inverter).

Figure B.20: VSI converter.

With the zigzag on the DC-bus means that the two sides of the converter can be
placed with a short or long distance (millimeters to hundreds of km) between them
and the two sides of the converter is connected together with DC-cables. With this
technology, electric power can be transported over long distances. But if it is a back to
back transistor converter with a short distance between the two bridges there is only
one capacitor, on the DC-link and the two sides are usually in the same casing.

The filter inductances and capacitances on the grid and load side is to filter out the
harmonics in the voltages. The filter to the grid is usually bigger and in more steps
then on the load side, the reason for this is that the regulations regarding harmonics to
the grid is more rigorous and the loads are usually machines which do not need such a
clean voltage partly because they themselves comprise inductance. Often, in low-power
applications, the converter is connected directly to the machine and the inductance in
the machine is sufficient as a filter.

As seen in figure B.20 the anti-parallel diodes forms a three phase diode rectifier
which means that the DC-voltage can not be lower than the peak value of the grid
voltage. Usually it is desired that the DC-voltage is higher than this value because the
controllability of the currents is better (faster) with a higher DC-voltage. This is due
to that the derivative of the current through the filter inductance is dependent on the
voltage over it and if the voltage over it is low, the currents are less controllable. By
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having a higher DC-voltage, a high voltage can be applied over the filter inductance
even when the AC voltage is at its peak value.

The following approximation can be derived for the active and reactive power from
the load utilizing the magnitude and phase of the fundamental component of the volt-
ages U and U ′

Pl = 3
U ′

1U1sin(φ′
1 − φ1)

X
(B.90)

Ql = 3
U ′

1(U
′
1 − U1sin(φ′

1 − φ1))

X
.

Where:
Pl active power from the grid [W]
Ql reactive power from the grid [VAr]
U ′

1 RMS-value of the fundamental component of the voltage U ′ [V]
U1 RMS-value of the fundamental component of the voltage U [V]
φ′

1 phase angle of the fundamental component of the voltage U ′ [rad]
φ1 phase angle of the fundamental component of the voltage U [rad]

From equations B.90 it can be noticed that the active power is approximate dependent
on the phase difference between the voltages and the reactive power is approximative
dependent on the difference between the voltage magnitudes. Observe that it is the
neglecting of the transmission resistance that makes this assumption adequate. This
means that with a higher voltage U1, more reactive power can be produced to the load
and to the grid and a higher voltage U1 also means a higher DC-voltage. This means
that with an increased DC-voltage the maximum produced reactive power increases
and the speed of the current controller increases. But a higher DC-voltage demands
that components with a higher rated voltage must be used, which increases the cost of
the converter.

The maximum RMS-value of the output voltage is dependent on the DC-voltage
but it is also dependent on which modulation technique that is used. There are two
techniques that are commonly used, one uses a sine-wave as reference and the other
uses a sine-wave added together with an appropriately selected zero sequence voltage,
for instance a third harmonic. In equations B.91 the phase reference voltages for the
sine modulation are shown and in equations B.92 the phase reference voltages for the
sine with a third harmonic are shown.

U1ref (t) = M sin(ωt) (B.91)

U2ref (t) = M sin(ωt +
2π

3
)

U3ref (t) = M sin(ωt +
4π

3
)

U1ref (t) = M{sin(ωt) + Am sin(3ωt)} (B.92)

U2ref (t) = M{sin(ωt +
2π

3
) + Am sin(3ωt)}

U3ref (t) = M{sin(ωt +
4π

3
) + Am sin(3ωt)}

Where:
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Uxref (t) reference for phase x
M modulation index
Am modulation index for the third harmonic
ω reference angular frequency [rad/s]
t time [s]

When the reference voltage is equal to one, the converter produces its highest phase
voltage which is equal to UDC

2
. This means that the magnitude of the reference voltage

can not be higher then that one, since the converter will otherwise be over-modulated
and produce a large amount of of low order harmonics. This also means that the
modulation index for the sine modulated converter is limited to be in between zero
and one. When setting the modulation index, M , to one, the converter will produce
a phase voltage with a peak value of UDC

2
. Which means that the highest RMS phase

voltage that this converter can produce is

Uf,max =
UDC√

8
. (B.93)

By setting the modulation index equal to zero the converter will produce a voltage with
zero amplitude. This gives that the modulation index for the sine modulated converter
can be expressed as

M =

√
8Us

UDC

for Us ≤ Uf,max. (B.94)

Where Us is the RMS-value of the fundamental output phase voltage.
In figure B.21 the reference voltages for the sine and the sine added with a third

harmonic are shown and the potential of the zero point relative the ground potential
(the zero sequence component). In the left plot in figure B.21 the reference phase
voltages for the three phases for the sine modulated converter are shown with M equal
to 1/2. For the converter with the sine added with a third harmonic the same limit
for the reference voltages holds, maximum amplitude equal to one. The modulation
index for the third harmonic Am can be set to almost any value, within reasonable
limits, because the added third harmonic is a zero component which disappears in a
three phase system with a floating zero point. The maximum modulation index, M ,
is dependent on the modulation index for the third harmonic, Am, due to the limit on
the reference voltage. The maximum modulation index is described in equation

Mmax =
1

1 − Am

for 0 ≤ Am <
1

9
(B.95)

Mmax =
1

8Am

(
12Am

1 + 3Am

)
3
2 for Am ≥ 1

9
.

From equations B.92 it is noticed that higher modulation index, M , gives a higher
fundamental voltage. From equation B.95 it can be found that Am = 1

6
gives the

highest value of Mmax, equal to 3√
3
. Another commonly used value of Am is 1

4
because

this minimizes the torque ripple in electrical machines. But in this work Am is set to
1
6

in order to utilize the converter best. From this the highest RMS phase voltage that
the converter can produce can be calculated to

Uf,max,3 =
UDC

2
√

2
Mmax =

UDC√
6

(B.96)
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and the modulation index for a given phase voltage can be calculated by

M =

√
6Us

UDC

for Us ≤ Uf,max,3. (B.97)

Where Us is the RMS-value of the fundamental output phase voltage. In the right plot
in figure B.21 the reference phase voltages for the three phases for the sine added with
a third harmonic modulated converter are shown with M = Mmax and Am = 1

6
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Figure B.21: Reference phase voltages, black phase 1, grey phase 2 and dashed phase
3. Left plot sine modulation and right sine with third harmonic Am = 1

6
, dotted is the

zero potential of a symmetrical three phase load connected to the converter.

the equations B.93 and B.96 it can be noticed that for the sine modulation, the DC-
voltage needs to be higher to obtain the same output voltage as for the sine modulation
with a third harmonic. This gives that components with a higher voltage rating must
be used in this case to obtain a converter with the same rating as for a converter with
sine and a third harmonic modulation.

The big disadvantage with the third harmonic modulation is that all the zero points
must be floating which can cause problems with the protection of the converter and
loads. In the right plot in figure B.21 the potential of the zero point of a symmetrical
three phase load is shown, dotted curve, and from this it is obvious that this point can
not be connected to ground potential. It is the same for the filter capacitors which can
not be connected to ground without special arrangements. This can cause problems
leading to additional costs when the filters are designed.

The phase voltages are created by pulse with modulation (PWM) technique. PWM-
technique means that the potential rapidly (with the switching frequency) changes
from +UDC

2
to −UDC

2
in such a way that the average value corresponds to the desired
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reference voltage. In figure B.22 the PWM-pulses for one phase-leg in the converter
shown in figure B.20 are shown, for sine modulation. In the top plot in figure B.22
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Figure B.22: Pulses of the PWM converter.

the fundamental phase voltage and current are shown together with the positive part
of the instantaneous phase voltage. In this figure the switching frequency is very low
in order to better illustrate what happens in the converter. The switching frequency
is only 12 times higher than the fundamental, in a normal application this ratio is at
least 20 times. In the lower plots in figure B.22 it is shown which of the components
that is conducting the phase current. From these plots it is seen that when the phase
current is positive it alternates between the IGBT Ta+ and the diode Da− and when
the phase current is negative it alternates between Ta− and Da+. The position of these
components can be seen in figure B.20.

The losses in the components can be identified as conduction losses and switching
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losses. The conduction losses for an IGBT or a diode can be expressed as [1]

Pcon =
1

T

∫ T

0

(uon(t)i(t))dt =
1

T

∫ T

0

((U0 + r0i
Bcon(t))i(t))dt. (B.98)

Where:
Pcon conduction losses [W]
i(t) current through the component [A]
T fundamental period [s]
uon(t) on-state voltage drop over the component [V]
r0 dynamic conducting resistance [Ω]
Bcon curve fitting constant

In the last integral in equation B.98 the on-state voltage drop over the component
has been expressed as a constant voltage drop and a dynamic resistance. This way
of expressing the conducting losses gives a good agreement with measurements. The
switching losses are not as simple to express as the conducting losses. It is possible to
express them in means of collector-emitter voltage and collector current but this is not
a very accurate method due to the need of approximations and because the switch-
ing characteristics are different and dependent on the component. The most accurate
method is to measure the switching energy losses as function of the collector-emitter
voltage and load current and then do a curve fitting of the measured switching energies
according to equation B.99.

Esw = Asw,onUce(t)i
Bsw,on(t) + Asw,offUce(t)i

Bsw,off (t) (B.99)

Where:
Esw switching energy loss of the component [J]
Asw,on, Bsw,on turn-on curve fitting constants for the component
Asw,off , Bsw,off turn-off curve fitting constants
Uce(t) collector-emitter voltage [V]
i(t) current through the component [A]

But since in this work there where no opportunity to measure the switching losses
or the conduction losses on components that could be used in the converters used in
this report, the component data will be taken from curves in data sheets. In figure B.23
the on-state voltage drop (left plot) and switching energies (right plot) from a data
sheet for a IGBT and diode is shown. From the left plot in figure B.23 it can be no-
ticed that the expression for the on-state voltage drop in equation B.98, grey curves,
are good approximations for the voltage drops from data sheets, black curves. Even
the more approximate curve, dashed, with Bx = 1 gives god agrement.

From the right plot it is noticed that the approximative equation B.99, grey curve,
also follows the switching energies for the IGBT, black curve, with a good agrement
and also the more approximative expression, dashed curve, with Bx = 1 follows the
measured curve. For the diode, the recovery energy Err is only shown. The reason for
this is that the on and off switching losses for the diode are insignificant compared with
the recovery energy [1]. When the diode alternates from conducting to blocking it will
lead current for a short while in the reverse direction. This is due to the fact that there
are free charges in the barrier layer of the diode, and the energy needed to transport
these charges away from the barrier layer is the recovery energy. It is noticed that
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Figure B.23: Left plot the on-state voltage drop and the right plot the switching
energies for a IGBT and diode. Black curve is from data sheet, grey is a first order
curve fitting and the dashed is a simpler curve fitting with B− = 1.

the model described in equation B.99 follows the measured curve, but for the simpler
model with Bx = 1 the agrement is not very good.

In this work the linear expression for the conducting voltage drop over the IGBT
and diode and for the switching energy losses are used, i.e Bx = 1.

To reduce the losses in the converters, the IGBT and diode that gives the lowest
losses at rated operation for a given switching frequency are selected. The selected
components are then down scaled to components with a rating of 1V and 1A. To
obtain a IGBT and diode with a specified rating equations B.100 to B.104 are used.

v0 = v0,basVDC (B.100)

r0 = r0,bas
VDC

IDC

(B.101)

Asw,on = Asw,on,bas (B.102)

Asw,off = Asw,off,bas (B.103)

Asw,rec = Asw,rec,bas (B.104)

Where:
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v0 Constant conducting voltage drop [V]
r0 Resistance [Ω]
Asw,on turn-on switching loss parameter for IGBT
Asw,off turn-off switching loss parameter for IGBT
Asw,rec turn-off switching loss parameter for diode
X,bas Base quantity
VDC Wanted rated DC voltage of the component [V]
IDC Wanted rated DC current of the component [A]

For the converters used to control a machine, a switching frequency of 5kHz is used. For
this converter, also called low voltage converter, the IGBT and diode in data sheet [19]
is used. For the high voltage converters used in the transmission system the switching
frequency is selected to 2kHz, the same as ABB uses in there HVDC-light A [53]. For
the high voltage converter, an IGBT with a higher voltage rating is used. Therefore
there is a possibility to reduce the losses due to the fact that the switching losses of
the high voltage IGBT is higher. But the high voltage IGBT is used to reduce the
numbers of series connected IGBT:s in the converter, which probably is the case for
the real converters. The IGBT and diode in data sheet [18] is used for the high voltage
converter.

In table B.2 the parameters of the down scaled IGBT and diode are shown. These
parameters are used as base parameters for the equations B.100 - B.104 for the calcu-
lation of the parameters of the wanted IGBT and diode.

Table B.2: The parameters of the down scaled IGBT and diode.
v0,bas [mV] r0,bas [mΩ] Asw,on,bas [10−7] Asw,off,bas [10−7] Asw,rec,bas [10−7]

Low voltage
IGBT 1.29 1.95 2.99 4.65
Diode 1.07 1.12 1.94

High voltage
IGBT 1.14 1.88 11.67 8.33
Diode 0.83 1.08 5.42

As can be noticed from table B.2 the IGBT for the high voltage converter has
lower conduction losses and higher switching losses then the IGBT for the low voltage
converter. This is due to the fact, as mention before, that the IGBT for the high
voltage converter is based on an IGBT with higher voltage rating then the IGBT used
for the low voltage converter.

From the lower four plots in figure B.22 it is noticed that the current is always
alternating between one transistor and one diode in a phase leg. This gives that
the losses in one side of the converter, shown in figure B.20, can be determined by
calculating the losses in one transistor and one diode and the multiply it by six to
get the total losses. For example let us consider IGBT Ta+ and diode Da−. From
figure B.22 it is seen that they conduct the current during a half of the fundamental
period, starting on switching pulse kφ. From this, the total losses for one half of the
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converter in figure B.20 can be calculated as

Ploss = 6

kφ+ p

2
−1

∑

k=kφ

{PconTa+(k) + PconDa−
(k) +

1

Ts

EswTa+(k) +
1

Ts

EswDa−
(k)}

(B.105)

p =
fc

fs

. (B.106)

Where:
Ploss conv Total loses in one side of the converter [W]
PconTa+(k) conduction losses in the IGBT for pulse k [W]
PconDa−

(k) conduction losses in the diode for pulse k [W]
EswTa+(k) switch energies for the IGBT for pulse k [J]
EswDa−

(k) switch energies for the diode for pulse k [J]
Ts fundamental period time [s]
p frequency-ratio [-]
fs fundamental frequency [Hz]
fc switching frequency [Hz]

Now if only the sine modulation described in equation B.91 is taken into consideration
the following relations can be formulated according to the references in figure B.22

δk =
1

4fc

(1 + M sin(ωsαk)) (B.107)

M =
2
√

2Us

UDC

(B.108)

p =
fc

fs

(B.109)

ωs = 2πfs (B.110)

i(t) = Î sin(ωst + φ). (B.111)

Where:
αk time at the middle of conducting pule number k [s]
δk half of the conducting time of pulse k [s]
M modulation index [-]
Us RMS-value of the fundamental phase voltage [V]
UDC DC-voltage [V]
i(t) fundamental phase current [A]

Î peak value of the current [A]
φ phase angel between voltage and current [rad]

From these relations and equation B.105 the average conducting losses of the IGBT
Ta+ can be formulated as

PconT = fs

kφ+p/2−1
∑

k=kφ

∫ αk+δk

αk−δk

(v0T i(t) + r0T i2(t))dt = PconT1 + PconT2. (B.112)

From equation B.112 it is noticed that the conducting losses can be divided into two
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parts. If the first part is considered, it can be evaluated as

PconT1 = fs

kφ+p/2−1
∑

k=kφ

∫ αk+δk

αk−δk

(v0T i(t))dt = fsÎ

kφ+p/2−1
∑

k=kφ

∫ αk+δk

αk−δk

(v0T sin(ωst + φ))dt

=
v0T Î

2π

kφ+p/2−1
∑

k=kφ

{2 sin(ωsαk + φ) sin(ωsδk)}dt

=
v0T Î

2π

kφ+p/2−1
∑

k=kφ

{2 sin(ωsαk + φ) sin(
π

2p
+

πM

2p
sin(ωsαk))}.

Now set θ = π
2p

and x = Mθ which gives

PconT1 =
v0T Î

2π

kφ+p/2−1
∑

k=kφ

{2 sin(ωsαk + φ) sin(θ + x sin(ωsαk))}

=
v0T Î

π

kφ+p/2−1
∑

k=kφ

{sin(θ) sin(ωsαk − φ) cos(x sin(ωsαk))

+ cos(θ) sin(ωsαk − φ) sin(x sin(ωsαk))}. (B.113)

The sine of sine functions can be expressed with Bessel functions as

cos(x sin(Ψ)) = J0(x) + 2J2(x) cos(2Ψ) + 2J4(x) cos(4Ψ) + ...

sin(x sin(Ψ)) = 2J1(x) sin(Ψ) + 2J3(x) sin(3Ψ) + 2J5(x) sin(5Ψ) + ... .

Where:
Jn(x) the n:th order of the Bessel function

For p > 10 all Bessel functions of higher order than one are insignificant compared
to the zero and first, this can be seen in figure B.24 where the ten first Bessel functions
are shown with x = pi

2p
. As seen in figure B.24 it is a god approximation to put all

higher order of Bessel functions to zero for p > 10, as mention before p is usually
greater then 20. With this approximation equation B.113 becomes

PconT1 =
v0T Î

π

kφ+p/2−1
∑

k=kφ

{sin(θ)J0(x) sin(ωsαk − φ)

+ cos(θ)J1(x) cos(φ) − cos(θ)J1(x) cos(2ωsαk − φ)}. (B.114)

Now change the summation variable k to n by the following substitution

ωsαkφ = (4kφ − 2)θ

ωsαkφ+n = (4kφ − 2 + 4n)θ 0 ≤ n ≤ p

2
− 1.

This gives that equation B.114 becomes

PconT1 =
v0T Î

π

p

2
−1

∑

n=0

{sin(θ)J0(x) sin(4θ(kφ − 1

2
+ n) − φ)

+ cos(θ)J1(x) cos(φ) − cos(θ)J1(x) cos(8θ(kφ − 1

2
+ n) − φ)}. (B.115)
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Figure B.24: The first ten order Bessel functions with x = pi
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. Solid black J0, grey J1,
dashed J2 and dotted J3 to J9.

For summation of sine and cosine function the following holds

N
∑

k=0

sin(kα + β) =
cos(α

2
− β) − cos( (2N+1)α

2
+ β)

2 sin(α
2
)

(B.116)

N
∑

k=0

cos(kα + β) =
sin(α

2
− β) + sin( (2N+1)α

2
+ β)

2 sin(α
2
)

. (B.117)

With this equations equation B.115 can be expressed as

PconT1 =
v0T Î

2π
(J0(x)

cos(θ(4 − 4kφ) + φ)

cos(θ)
+ pJ1(x) cos(θ) cos(φ)). (B.118)

But kφ = 1 + φ
4θ

which gives the final equation

PconT1 =
v0T Î

2π
{ J0(x)

cos(θ)
+ pJ1(x) cos(θ) cos(φ)}. (B.119)

With the same procedure, the second part of the conduction losses for IGBT Ta+ can
be calculated as

PconT2 = fs

kφ+p/2−1
∑

k=kφ

∫ αk+δk

αk−δk

(r0Ta+i2(t))dt

=
r0T Î2

4
{1

2
+

M

p

cos(φ)

sin(2θ)
+

J1(2x) sin(8θ) cos(φ)

2π sin(2θ) sin(6θ)
}. (B.120)

169



The conduction losses of IGBT Ta+ is now the sum of equation B.119 and equa-
tion B.120, this becomes

PconT =
v0T Î

2π
{ J0(x)

cos(θ)
+ pJ1(x) cos(θ) cos(φ)}

+
r0T Î2

4
{1

2
+

M

p

cos(φ)

sin(2θ)
+

J1(2x) sin(8θ) cos(φ)

2π sin(2θ) sin(6θ)
}. (B.121)

This equation can be simplified more by the following approximations

cos(θ) = cos(
π

2p
) → 1, when p → ∞ (B.122)

J0(x) = J0(
Mπ

2p
) → 1, when p → ∞ (B.123)

J1(x) → x

2
, when p → ∞ (B.124)

sin(Ax)

Bx
→ A

B
, when p → ∞. (B.125)

With these simplifications equation B.121 becomes

PconT =
v0T Î

2π
(1 +

π

4
M cos(φ)) +

r0T Î2

2π
(
π

4
+

2

3
M cos(φ)). (B.126)

With the same technique, the conduction losses for the diode Da− can be calculated
but with different integration limits, the losses becomes

PconD = fs

kφ+p/2−1
∑

k=kφ

{
∫ αk−δk

αk−
1

2fc

(v0Di(t) + r0Di2(t))dt

+

∫ αk+ 1
2fc

αk+δk

(v0Di(t) + r0Di2(t))dt}. (B.127)

This equation can be solved as the equation for the IGBT but a simpler solution is to
integrate the conduction losses over a half of the fundamental period and subtract the
losses from the equation B.121 with the parameters for the diode inserted instead of
the parameters for the IGBT, this becomes

PconD = fs

∫
φ

ωs
+ 1

2fs

φ

ωs

(v0DÎ sin(ωst − φ) + r0DÎ2 sin2(ωst − φ))dt

− v0DÎ

2π
{ J0(x)

cos(θ)
+ pJ1(x) cos(θ) cos(φ)}

− r0DÎ2

4
{1

2
+

M

p

cos(φ)

sin(2θ)
+

J1(2x) sin(8θ) cos(φ)

2π sin(2θ) sin(6θ)
}

=
v0DÎ

2π
{2 − J0(x)

cos(θ)
− pJ1(x) cos(θ) cos(φ)}

+
r0DÎ2

4
{1

2
− M

p

cos(φ)

sin(2θ)
− J1(2x) sin(8θ) cos(φ)

2π sin(2θ) sin(6θ)
}. (B.128)
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This equation can be simplified in the same way as the equation for the IGBT and the
simplified equation becomes

PconD =
v0DÎ

2π
(1 − π

4
M cos(φ)) +

r0DÎ2

2π
(
π

4
− 2

3
M cos(φ)). (B.129)

The switching losses for the IGBT Ta+ can be calculated by summing up equation B.99
each time the current alternates between IGBT Ta+ and diode Da−. With the same
procedure as for the conducting losses the switching losses becomes

PswT = fs

kφ+ p

2
−1

∑

k=kφ

{Asw,onUDCi(αk − δk) + Asw,offUDCi(αk + δk)}

= fs

kφ+ p

2
−1

∑

k=kφ

{Asw,onUDC Î sin(ωsαk − φ − θ − x sin(ωsαk))

+ Asw,offUDC Î sin(ωsαk − φ + θ + x sin(ωsαk))}

= fsÎUDCAsw,on{J0(x) cos(θ)
cos(4θ(1 − kφ) + φ)

sin(2θ)

− J0(x) sin(θ)
sin(4θ(1 − kφ) + φ)

sin(2θ)
− J1(x) sin(θ + φ)

p

2
}

+ fsÎAsw,offUDC{J0(x) cos(θ)
cos(4θ(1 − kφ) + φ)

sin(2θ)

− J0(x) sin(θ)
sin(4θ(1 − kφ) + φ)

sin(2θ)
+ J1(x) sin(φ − θ)

p

2
}

=
fsÎUDCAsw,on

2
{ J0(x)

sin(θ)
− pJ1(x) sin(θ + φ)}

+
fsÎUDCAsw,off

2
{ J0(x)

sin(θ)
+ J1(x)p sin(φ − θ)}. (B.130)

This equation can be simplified in the same way as before, it becomes

PswT =
fsÎUDCAsw,on

2
{1

θ
− Mπ

4
(θ cos(φ) + sin(φ))}

+
fsÎUDCAsw,off

2
{1

θ
− Mπ

4
(θ cos(φ) − sin(φ))}. (B.131)

The switching losses for diode Da− is obtain if Asw,on is substituted against Asw,rec and
Asw,off is put to zero. This assumption can be made because when the IGBT is turned
off, the diode begins to conduct the current as seen in figure B.22. But as noticed
before, the on and off switching energies for the diode are insignificant. It is only the
recovery energy that is of importance and it can be treated as a switch off energy. This
leads to that the switching losses of the diode becomes

PswD =
fsÎUDCAsw,rec

2
(
J0(x)

sin(θ)
− J1(x)p sin(θ + φ)). (B.132)

Which can be simplified to

PswD =
fsÎUDCAswrecT

2
(
1

θ
− Mπ

4
(θ cos(φ) + sin(φ))). (B.133)
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The total losses of one side of the converter can now be calculated as

Plossconv = 6(PconT + PconD + PswT + PswD). (B.134)

Where as shown above:

PconT = v0T Î
2π

( J0(x)
cos(θ)

+ pJ1(x) cos(θ) cos(φ)) + r0T Î2

4
(1

2
+ M

p
cos(φ)
sin(2θ)

+ J1(2x) sin(8θ) cos(φ)
2π sin(2θ) sin(6θ)

)

PconD = v0D Î
2π

(2 − J0(x)
cos(θ)

− pJ1(x) cos(θ) cos(φ)) + r0D Î2

4
(1

2
− M

p
cos(φ)
sin(2θ)

− J1(2x) sin(8θ) cos(φ)
2π sin(2θ) sin(6θ)

)

PswT = fsÎUDCAsw,on

2
( J0(x)

sin(θ)
− J1(x)p sin(θ + φ)) +

fsÎUDCAsw,off

2
( J0(x)

sin(θ)
+ J1(x)p sin(φ − θ))

PswD = fsÎUDCAsw,rec

2
( J0(x)

sin(θ)
− J1(x)p sin(θ + φ)).

Or with the simplified equations:

PconT = v0T Î
2π

(1 + π
4
M cos(φ)) + r0T Î2

2π
(π

4
+ 2

3
M cos(φ))

PconD = v0D Î
2π

(1 − π
4
M cos(φ)) + r0D Î2

2π
(π

4
− 2

3
M cos(φ))

PswT = fsÎUDCAsw,on

2
(1

θ
− Mπ

4
(θ cos(φ) + sin(φ))) +

fsÎUDCAsw,off

2
(1

θ
− Mπ

4
(θ cos(φ) − sin(φ)))

PswD = fsÎUDCAswrecT

2
(1

θ
− Mπ

4
(θ cos(φ) + sin(φ))).

For converters with a sine modulation and an additional third harmonic the losses
can be derived in the same way but with the following relations to begin with

δk =
1

4fc

(1 + M(sin(ωsαk) + Am sin(3ωsαk))) (B.135)

M =
2
√

2Us

UDC

, for Am =
1

6
. (B.136)

Where:
αk time at the middle of conducting pule number k
δk half of the conducting time of pulse k
M modulation index
Am modulation index for the third harmonic
Us RMS-value of the fundamental phase voltage

With this relations and the introduction of y = Amx the conducting and switching
losses of one side of the converter can be calculated in the same way as the losses for
the converter with only sine modulation. The total losses of the converter with sine
and a third harmonic modulation becomes

Plossconv = 6(PconT + PconD + PswT + PswD). (B.137)

Where:
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PconT = v0T Î
π

{J0(x)J0(y)
2 cos(θ)

− J1(x)J1(y) sin(θ)[ cos(4φ)+cos(2φ)
sin(6θ)

− cos(2φ)
sin(2θ)

− cos(4φ)
sin(10θ)

]

+p
2
J1(x)J0(y) cos(θ) cos(φ)} + r0T Î2

4π
{π

2
+ 2x cos(φ)

sin(2θ)
+ 2y cos(3φ)

sin(6θ)

+J1(2x)J1(2y) sin(2θ) cos(2φ) + J0(2y)J1(2x) sin(8θ) cos(φ)
2 sin(2θ) sin(6θ)

−J0(2x)J1(2y) cos(2θ)[ 1
sin(2θ)

+ 1
sin(10θ)

] cos(3φ)}
PconD = v0D Î

π
{1 − J0(x)J0(y)

2 cos(θ)
+ J1(x)J1(y) sin(θ)[ cos(4φ)+cos(2φ)

sin(6θ)
− cos(2φ)

sin(2θ)
− cos(4φ)

sin(10θ)
]

−p
2
J1(x)J0(y) cos(θ) cos(φ)} + r0D Î2

4π
{π

2
− 2x cos(φ)

sin(2θ)
− 2y cos(3φ)

sin(6θ)

−J1(2x)J1(2y) sin(2θ) cos(2φ) − J0(2y)J1(2x) sin(8θ) cos(φ)
2 sin(2θ) sin(6θ)

+J0(2x)J1(2y) cos(2θ)[ 1
sin(2θ)

+ 1
sin(10θ)

] cos(3φ)}
PswT = fsÎUDCAsw,on{J0(x)J0(y)

2 sin(θ)
− p

2
J0(y)J1(x) sin(φ + θ)

+J1(x)J1(y)[ cos(2φ+θ)
sin(2θ)

− cos(2φ−θ)
sin(6θ)

+ cos(4φ−θ)
sin(10θ)

− cos(4φ+θ)
sin(6θ)

]}
+fsÎUDCAsw,off{J0(x)J0(y)

2 sin(θ)
+ p

2
J0(y)J1(x) sin(φ − θ)

+J1(x)J1(y)[ cos(2φ−θ)
sin(2θ)

− cos(2φ+θ)
sin(6θ)

+ cos(4φ+θ)
sin(10θ)

− cos(4φ−θ)
sin(6θ)

]}
PswD = fsÎUDCAsw,rec{J0(x)J0(y)

2 sin(θ)
− p

2
J0(y)J1(x) sin(φ + θ)

+J1(x)J1(y)[ cos(2φ+θ)
sin(2θ)

− cos(2φ−θ)
sin(6θ)

+ cos(4φ−θ)
sin(10θ)

− cos(4φ+θ)
sin(6θ)

]}.
Or with the simplified equations:

PconT = v0T Î
2π

{1 + π
4
M cos(φ)} + r0T Î2

2π
{π

4
+ 2

3
M cos(φ) − 2MAm

15
cos(3φ)}

PconD = v0D Î
2π

{1 − π
4
M cos(φ)} + r0D Î2

2π
{π

4
− 2

3
M cos(φ) + 2MAm

15
cos(3φ)}

PswT = fsÎUDCAsw,on

2
{1

θ
− Mπ

4
[θ cos(φ) + sin(φ)] + M2Amθ

6
[cos(2φ) − cos(4φ)

5
]}

+
fsÎUDCAsw,off

2
{1

θ
− Mπ

4
[θ cos(φ) − sin(φ)] + M2Amθ

6
[cos(2φ) − cos(4φ)

5
]}

PswD = fsÎUDCAsw,rec

2
{1

θ
− Mπ

4
[θ cos(φ) + sin(φ)] + M2Amθ

6
[cos(2φ) − cos(4φ)

5
]}.

For the low voltage converters, the losses in the switches are only used to modulate
the losses in the converter. The losses in filters, DC link etc are neglected. In figure B.25
the losses on one side of the converter in figure B.20 are shown, for the two types of
modulating techniques described in this appendix. The two converters are operating at
rated output voltage and rated current and the rating are the same for both converters.
The losses are shown as function of the angle φ between the voltage and current. From
figure B.25 it is seen that the switching losses for the converter with sine and third
harmonic is lower then for the converter with only sine modulation. This is due to
the fact that the DC-voltage is lower for this converter since the rated voltage is the
same for both types, compare equations B.93 and B.96. But for the conduction losses
the difference is not that big. It depends on the change of conducting time for the
diode and IGBT. As can be seen from figure B.25 the total losses of the sine and third
harmonic modulated converter is lower then for the converter with sine modulation.
Therefore the converter with the sine and third harmonic is used in this work.

For the high voltage converter, used in the transmission system, the filter inductance
nearest the valves and the transformer shown to the left in figure B.20 are included
in the loss model of the converter, all other losses are neglected. The inductors are
assumed to be loss-less and have a rating of 0.14p.u, as the inductor used in ABB:s
HVDC-light converter. The transformer is modulated as in appendix B.4. In fig-
ure B.26 the losses of the converter station from AC to DC are shown in percent of
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Figure B.25: Left plot losses for the sine modulated and right losses for the sine with
a third harmonic modulated converter. Solid black is conduction losses for the IGBT,
dashed switching losses for the IGBT, dotted conducting losses for the diode and solid
grey switching losses for the diode.

the rated power. In this case, the consumed active power and produced reactive power
are as in figure 4.2, active power solid and reactive power dashed. As can be seen
in figure B.26 at rated operation, the switching losses are higher and the conducting
losses are lower then for the low voltage converter in the right plot in figure B.25. It
can be noticed that the high voltage station has an efficiency of approximately 97.8%
at rated operation from AC to DC.
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Figure B.26: Loses in the converter station. Solid transformer losses, dashed conduction
losses in the valves and dotted switching losses in the valves.
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B.6.3 Loss Model of the Boost Converter

For the loss calculations of the boost converter, presented in appendix A.2.1, the fol-
lowing assumptions are made:
The output capacitor, Cout, is lossless
Losses in the inductance ,L, can be represented by a resistance RL

Conduction losses in the IGBT ,SW , can be represented by a resistance R0,SW

and a voltage V0,SW

The switch energies in the IGBT can be averaged to a power loss
Conduction losses in the diode ,D, can be represented by a resistance R0,D

and a voltage V0,D

The switch energies in the diode can be averaged to a power loss
The input and output voltages are smooth, Vin and Vout

The output current is smooth, Iout

With these assumptions the circuit scheme that includes the losses can be drawn as in
figure B.27. In the figure, the scheme is drawn for the different conducting intervals
of the boost converter. The last interval, (D + D′)Ts < t < Ts, is when the current
through the inductance is discontinuous, i.e equal to zero for a part of the switching
period. The current source in figure B.27 expresses the switching losses for the diode
and IGBT, where Dsw =

Aon,SW +Aoff,SW +Arec,D

Ts
and Ax are described by equation B.99.

In the continuous current mode (CCM), iin > 0, the ripple in the current through
the inductance is assumed to be zero, which gives that iin = Iin. This assumption gives
that the voltage-second balance of the inductor can be expressed as

mean(vL) = (Vin − Iin(RL + R0,SW ) − V0,SW )D

+ (Vin − Iin(RL + R0,D) − V0,D − Vout)D
′ = 0. (B.138)

Where:
vL Voltage over the inductor [V]
D Relative conducting time of the IGBT
D′ Relative conducting time of the diode

This equation together with the fact that D + D′ = 1, due to CCM, gives that the
duty ratio can be express as

D =
Vout − Vin − (RL + R0,D)Iin + V0,D

Vout − (R0,SW − R0, D)Iin − V0,SW + V0,D

. (B.139)

In the same way, the actual ripple in the current through the inductor can be calculated
according to

∆iin =
Vin − Iin(RL + R0,SW ) − V0,SW

2L
DTs. (B.140)

Where:
Ts Switching period time [s]

If the current ripple ∆iin is greater then the mean value of the input current Iin

the current through the inductance must be zero for a part of the switching period, se
figure B.28. If this occurs the converter is operating in the discontinuous current mode
(DCM) and for this the equation B.139 does not hold due to that D + D′ < 1. As can
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Figure B.27: The circuit scheme including the loss components for the boost converter.

i
in

t

I
in

i
pk

D'T
sDT

s
T

s

Figure B.28: The current through the inductance in DCM for the boost converter.

be noticed from figure B.28 the current trough the inductance can not be approximated
to be smooth. But still the voltage drops over the loss resistances are approximated to
be the resistance multiplied by the mean current through the inductance Vx = RxIin.
This gives that the peak input current ipk, the mean input current Iin and the mean
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output current Iout can be expressed as

ipk =
Vin − Iin(RL + R0,SW ) − V0,SW

L
DTs

Iin =
ipk(D + D′)Ts

2

1

Ts

=
Vin − Iin(RL + R0,SW ) − V0,SW

2L
D(D + D′)Ts

(B.141)

Iout =
ipkD

′Ts

2

1

Ts

− IinDsw = Iin(
D′

D + D′
− Dsw). (B.142)

Equation B.142 also holds for the mean output current in CCM, remember that D +
D′ = 1 for CCM. From equation B.141 and by setting up the volt-second balance of
the inductor voltage the following equations are reached

D′ =
2LIin

(Vin − Iin(RL + R0,SW ) − V0,SW )DTs

− D

mean(vL) = (Vin − Iin(RL + R0,SW ) − V0,SW )D

+ (Vin − Iin(RL + R0,D) − V0,D − Vout)D
′ = 0.

These two equations gives that the duty ratio for DCM can be expressed as

D =

√

2LIin

Ts

Vout − Vin + Iin(RL + R0,D) + V0,D

(Vin − Iin(RL + R0,SW ) − V0,SW )(Vout + V0,D − V0,SW + Iin(R0,D − R0,SW ))
.

(B.143)

The losses in the components can be expressed as the integral of the voltage over
the component multiplied with the current through it divided with the period time.
This gives the following losses for both CCM and DCM

PL =
1

Ts

∫ (D+D′)Ts

0

RLIiniin(t)dt = RLI2
in (B.144)

Pcon,SW =
1

Ts

∫ DTs

0

(V0,SW + R0,SW Iin)iin(t)dt

=
D

D + D′
(V0,SW + R0,SW Iin)Iin (B.145)

Pcon,D =
1

Ts

∫ (D+D′)Ts

DTs

(V0,D + R0,DIin)iin(t)dt

=
D′

D + D′
(V0,D + R0,DIin)Iin (B.146)

Psw,SW =
Aon,SW + Aoff,SW

Ts

VoutIin (B.147)

Psw,D =
Arec,D

Ts

VoutIin. (B.148)

Where:
PL Losses in the inductor [W]
Pcon,SW Conduction losses in the IGBT [W]
Pcon,D Conduction losses in the diode [W]
Psw,SW Switching losses in the IGBT [W]
Psw,D Switching losses in the diode [W]
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For the boost converter used in this work the switching frequency is set to 1kHz.
In the same way as for the IGBT-converter in appendix B.6.2 a down-scaled model of
the IGBT and diode is used. The same down-scaled parameters, base parameters, as
used for the low voltage IGBT-converter are used for the boost converter in this work,
the parameters are presented in table B.2. To obtain the parameters of the IGBT
or diode with a specified rating equations B.100 - B.104 are used. In this work it is
assumed that the losses in the inductance at rated operation of the boost converter are
0.1p.u.

With these assumptions and selections, the losses in the boost converter can be
calculated. In figure B.29 the losses in the 2MW boost converter used in one of the
DC wind turbines are shown. The converter has a fix output voltage of 5kV, an input
voltage as the grey dashed line in the center plot of figure B.14 and an input power
approximately as the dotted line in figure B.7.
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Figure B.29: Left plot shows the efficiency of the 2MW boost converter. The right plot
shows the different losses in the converter. Cond stands for conduction losses, Switch
for switching losses, T for IGBT, D for diode and L for the inductance.

B.6.4 Loss Model of the Full Bridge Converter

For the loss calculations of the full bridge converter, presented in appendix A.2.10, the
following assumptions are made:

179



The output capacitor, Cout, is lossless
Losses in the inductance ,L, can be represented by a resistance RL

Conduction losses in the IGBT ,SW , can be represented by a resistance R0,SW

and a voltage V0,SW

The switch energies in the IGBT can be averaged to a power loss
Conduction losses in the diode ,D, can be represented by a resistance R0,D

and a voltage V0,D

The switch energies in the diode can be averaged to a power loss
The leakage inductances in the transformer are neglected
The magnetizing current in the transformer is neglected
The conducting losses for the transformer are represented by
two resistances, Rcu1 and Rcu2

The core losses are represented by a resistor Rfe parallel to
the magnetizing inductanse
The input and output voltages are smooth, Vin and Vout

The output current is smooth, Iout

With these assumptions the circuit scheme that includes the losses can be drawn as
in figure B.30. In the figure the scheme is drawn for the different conducting intervals
of the full bridge converter for the first half of the period. For the second half the
scheme is identical. The last interval, (D + D′)Ts < t < Ts

2
, is for when the current

through the inductance is discontinuous, equal to zero for a part of the switching pe-
riod. The current sources in figure B.30 expresses the switching losses for the diode
and IGBT. Where Dsw,SW = 4

Aon,SW +Aoff,SW

Ts
, Dsw,D = 4

Arec,D

Ts
and Ax are described

by equation B.99.

In the continuous current mode (CCM), iL > 0, the ripple in the current through
the inductance is assumed to be zero, which gives that iL = IL. This assumption gives
that the voltage-second balance of the inductor can be expressed as

mean(vL) = (
n2

n1

VLm,D − Vout − 2V0,D − IL(Rcu2 + R0,D + RL))2D

− (Vout + 2V0,D + IL(RL + R0,D))2D′ = 0 (B.149)

iRfe,D =
VLm,D

Rfe

(B.150)

ISW,D =
n2

n1

IL + iRfe,D (B.151)

VLm,D = Vin − 2V0,SW − (2R0,SW + Rcu1)ISW,D. (B.152)

Where:
vL Voltage over the inductor [V]
D Relative conducting time of the IGBT
D′ Relative conducting time of the diode
iRfe,D Current through the iron loss resistance under the conducting interval of the IGBT
ISW,D Current through the IGBT under the conducting interval of the IGBT
VLm,D Voltage over the iron loss resistance under the conducting interval of the IGBT

This equation together with that 2D + 2D′ = 1, due to CCM, gives that the duty
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Figure B.30: The circuit scheme including the loss components for the full bridge
converter.

ratio can be express as

2D =
Vout + 2V0,D + (RL + R0,D)IL

Rfe

Rfe+2R0,SW +Rcu1

n2

n1
(Vin − 2Vo,SW ) − (2R0,SW +Rcu1)Rfe

Rfe+2R0,SW +Rcu1
(n2

n1
)2IL − (Rcu2 + R0,D)IL

.

(B.153)

In the same way the actual ripple in the current through the inductor can be calculated
to

∆iL =
Vout + 2V0,D + IL(RL + R0,D)

2L
(
1

2
− D)Ts. (B.154)

Where:
Ts Switching period time [s]

If the current ripple ∆iL is greater then the mean value of the inductor current IL

the current through the inductance must be zero for a part of the switching period, se
figure B.31. If this occurs, the converter is operating in the discontinuous current mode
(DCM) and for this the equation B.153 does not hold due to that 2D + 2D′ < 1. As

181



i
L

t

I
L

i
pk

D'T
sDT

s
T

s
/2

Figure B.31: The current through the inductance in DCM for the full bridge converter.

can be noticed from figure B.31 the current trough the inductance can not be approxi-
mated to be smooth. But the voltage drops over the loss resistances are approximated
to be constant over the switching period. The voltage drop over the resistances are
described by the following equations

VRin = (2R0,SW + Rcu1)ISW,D (B.155)

VRout = (Rcu2 + 2Ro,D + RL)IL (B.156)

ISW,D =
n2

n1

IL + iRfe,D (B.157)

iRfe,D =
VLm,D

Rfe

(B.158)

VLm,D = Vin − 2V0,SW − VRin. (B.159)

Where:
VRin Voltage over the resistances on the input side [V]
VRout Voltage over the resistances on the output side [V]
IL Mean value of the current through the inductor [A]
iRfe,D Current through the iron loss resistance under the conducting interval of the IGBT
ISW,D Current through the IGBT under the conducting interval of the IGBT
VLm,D Voltage over the iron loss resistance under the conducting interval of the IGBT

This gives that the peak inductor current ipk, the mean inductor current IL and the
mean output current Iout can be expressed as

ipk =
Vout + 2V0,D + IL(RL + R0,D)

L
D′Ts

IL =
ipk(D + D′)Ts

2

2

Ts

=
Vout + 2V0,D + Iin(RL + R0,D)

L
D(D + D′)Ts

(B.160)

Iout = IL(1 − Dsw,D). (B.161)

From equation B.160 and by setting up the volt-second balance of the inductor voltage

182



the following equations are reached:

D =
LIL

(Vout + 2V0,D + IL(RL + R0,D))D′Ts

− D′

mean(vL) = (
n2

n1

VLm,D − Vout − 2V0,D − IL(Rcu2 + R0,D + RL))2D

− (Vout + 2V0,D + IL(RL + R0,D))2D′ = 0.

These two equations gives that the duty ratio for the diodes for DCM can be expressed
as

D′ =
√

LIL

Ts

·
√

n2
n1

Rfe

Rfe+2R0,SW +Rcu1
(Vin−2V0,SW )−Vout−2V0,D−IL(Rcu2+RL+2R0,D+(

n2
n1

)2
Rfe(2R0,SW +Rcu1)

Rfe+2R0,SW +Rcu1
)

(Vout+2V0,D+IL(RL+R0,D))(
n2
n1

Rfe

Rfe+2R0,SW +Rcu1
(Vin−2V0,SW )+V0,D−IL(Rcu2+R0,D+(

n2
n1

)2
Rfe(2R0,SW +Rcu1)

Rfe+2R0,SW +Rcu1
))
.

(B.162)

The losses in the components can be expressed as the integral of the voltage over
the component multiplied with the current through it divided with the period time.
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This gives the following losses for both CCM and DCM

Iin =
n2

n1

(
D

D + D′
+ Dsw,SW − (2D + Dsw,SW )

2R0,SW + Rcu1

Rfe + 2R0,SW + Rcu1

)IL

+ (2D + Dsw,SW )
Vin − 2V0,SW

Rfe + 2R0,SW + Rcu1

(B.163)

Iout = IL(1 − Dsw,D) (B.164)

PL =
2

Ts

∫ (D+D′)Ts

0

RLILiL(t)dt = RLI2
L (B.165)

Pcon,SW =
2

Ts

∫ DTs

0

(2V0,SW + 2R0,SW ISW,D)iSW (t)dt

= (2V0,SW + 2R0,SW (
n2

n1

IL − 2R0,SW + Rcu1

Rfe + 2R0,SW + Rcu1

n2

n1

IL +
Vin − 2V0,SW

Rfe + 2R0,SW + Rcu1

))

(
D

D + D′

n2

n1

IL − 2D
2R0,SW + Rcu1

Rfe + 2R0,SW + Rcu1

n2

n1

IL + 2D
Vin − 2V0,SW

Rfe + 2R0,SW + Rcu1

)

(B.166)

Pcon,D =
2

Ts

∫ DTs

0

(2V0,D + 2R0,DIL)iL(t)dt +
2

Ts

∫ (D+D′)Ts

DTs

(2V0,D + R0,DIL)iL(t)dt

= 2V0,DIL + R0,D
2D + D′

D + D′
I2
L (B.167)

Psw,SW = Dsw,SW Vin(
n2

n1

IL − 2R0,SW + Rcu1

Rfe + 2R0,SW + Rcu1

n2

n1

IL +
Vin − 2V0,SW

Rfe + 2R0,SW + Rcu1

) (B.168)

Psw,D = Dsw,SW VoutIL (B.169)

Pcon,Tr = Rcu1(
n2

n1

IL − 2R0,SW + Rcu1

Rfe + 2R0,SW + Rcu1

n2

n1

IL +
Vin − 2V0,SW

Rfe + 2R0,SW + Rcu1

)

(
D

D + D′

n2

n1

IL − 2D
2R0,SW + Rcu1

Rfe + 2R0,SW + Rcu1

n2

n1

IL + 2D
Vin − 2V0,SW

Rfe + 2R0,SW + Rcu1

)

+ Rcu2
D

D + D′
I2
L (B.170)

Pcor,T r = 2Rfe(
Vin − 2V0,SW

Rfe + 2R0,SW + Rcu1

− 2R0,SW + Rcu1

Rfe + 2R0,SW + Rcu1

n2

n1

IL)2D. (B.171)

Where:
Iin Expression for the input current, valid for CCM and DCM
Iout Expression for the output current, valid for CCM and DCM
PL Losses in the inductor [W]
Pcon,SW Conduction losses in the IGBT [W]
Pcon,D Conduction losses in the diode [W]
Psw,SW Switching losses in the IGBT [W]
Psw,D Switching losses in the diode [W]
Pcon,Tr Copper losses in the transformer [W]
Pcor,T r Iron losses in the transformer [W]

For the full bridge converter the switching frequency is selected to be the same as for
the boost converter, 1kHz. In the same way as for the boost converter a down-scaled
model of the IGBT and diode is used. The down-scaled parameters, base parameters,
are presented in table B.2. To obtain the parameters of the IGBT or diode given a
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specified rating, equations B.100 - B.104 are used. In this work, the losses of the high
frequency transformer are assumed to be equal to the losses of a 50Hz transformer
with the same VA rating. In the same way as for the boost converter the losses in the
inductance at rated operation are assumed to be 0.1p.u.

With these assumptions and selections the losses in the full bridge converter can
be calculated. In figure B.32 the losses in the 2MW full bridge converter used in one
of the DC wind turbines are shown. The converter has a fixed output voltage of 40kV,
an input voltage as the grey dashed line in the center plot of figure B.14 and an input
power approximately as the dotted line in figure B.7.
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Figure B.32: The solid line in the left plot shows the efficiency of the 2MW full bridge
converter and dashed line the efficiency for the transformer. The right plot shows
the different losses in the converter. Cond stands for conduction losses, Switch for
switching losses, Core for losses in the transformer core, T for IGBT, D for diode, Tr
for transformer and L for the inductance.

B.6.5 Loss Model of the Full Bridge Isolated Boost Converter

For the loss calculations of the full bridge isolated boost converter, presented in ap-
pendix A.2.13, the following assumptions are made:
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The output capacitor, Cout, is lossless
Losses in the inductance ,L, can be represented by a resistance RL

Conduction losses in the IGBT ,SW , can be represented by a resistance R0,SW

and a voltage V0,SW

The switch energies in the IGBT can be averaged to a power loss
Conduction losses in the diode ,D, can be represented by a resistance R0,D

and a voltage V0,D

The switch energies in the diode can be averaged to a power loss
The leakage inductances in the transformer are neglected
The magnetizing current in the transformer is neglected
The conducting losses for the transformer are represented by
two resistances, Rcu1 and Rcu2

The core losses are represented by a resistor Rfe parallel to
the magnetizing inductanse
The input and output voltages are smooth, Vin and Vout

The output current is smooth, Iout

With these assumptions, the circuit scheme that includes the losses can be drawn
as in figure B.33. In the figure, the scheme is drawn for the different conducting
intervals of the full bridge isolated boost converter and for the first half of the pe-
riod. For the second half of the period, the scheme is identical. The last interval,
(D + D′)Ts < t < Ts

2
, in figure B.33 is representing the situations when the current

through the inductance is discontinuous, equal to zero for a part of the switching pe-
riod. The current source in figure B.33 expresses the switching losses for the diode and
IGBT. Where Dsw = 4

Aon,SW +Aoff,SW +Arec,D

Ts
and Ax are described by equation B.99.

In the continuous current mode (CCM), iin > 0, the ripple in the current through
the inductance is assumed to be zero, which gives that iin = Iin. This assumption gives
that the voltage-second balance of the inductor can be expressed as

mean(vL) = 0 = (Vin − 2V0,SW − Iin(RL + R0,SW ))2D

+ (Vin − 2V0,SW − Iin(RL + 2R0,SW + Rcu1) − VLm,D′)2D′ (B.172)

iRfe,D′ =
VLm,D′

Rfe

(B.173)

VLm,D′ =
n1

n2

(Vout + 2V0,D + (2R0,D + Rcu2)
n1

n2

(Iin − iRfe,D′)). (B.174)

Where:
vL Voltage over the inductor [V]
D Relative conducting time of the IGBT
D′ Relative conducting time of the diode
iRfe,D′ Current through the iron loss resistance under the conducting interval of the diode
VLm,D′ Voltage over the iron loss resistance under the conducting interval of the diode

This equation together with that 2D + 2D′ = 1, due to CCM, gives that the duty
ratio can be express as

2D′ =
Vin − 2V0,SW − Iin(RL + R0,SW )

Rfe

Rfe+(2R0,D+Rcu2)(
n1
n2

)2
n1

n2
(Vout + 2V0,D) + (R0,SW + Rcu1 +

Rfe(2R0,D+Rcu2)(
n1
n2

)2

Rfe+(2R0,D+Rcu2)(
n1
n2

)2
)Iin

.

(B.175)
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Figure B.33: The circuit scheme including the loss components for the full bridge
isolated boost converter.

In the same way the actual ripple in the current through the inductor can be calculated
to

∆iin =
Vin − 2V0,SW − Iin(RL + R0,SW )

2L
DTs. (B.176)

Where:
Ts Switching period time [s]

If the current ripple ∆iin is greater then the mean value of the inductor current Iin,
the current through the inductance must be zero for a part of the switching period, see
figure B.34. If this occurs, the converter is operating in the discontinuous current mode
(DCM) and for this the equation B.175 does not hold due to that 2D + 2D′ < 1. As
can be noticed from figure B.34 the current trough the inductance can not be approxi-
mated to be smooth. But the voltage drops over the loss resistances are approximated
to be constant over the switching period. The voltage drop over the resistances are
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Figure B.34: The current through the inductance in DCM for the full bridge isolated
boost converter.

described by the following equations

VRin,D = (RL + R0,SW )Iin (B.177)

VRin,D′ = (RL + 2R0,SW + Rcu1)Iin (B.178)

VRout = (Rcu2 + 2R0,D)
n1

n2

(Iin − iRfe,D′) (B.179)

iRfe,D′ =
VLm,D′

Rfe

(B.180)

VLm,D′ = Vin − 2V0,SW − VRin. (B.181)

Where:
VRin,D Voltage over the resistances on the input side under the conducting

interval of the IGBT [V]
VRin,D′ Voltage over the resistances on the input side under the conducting

interval of the diode [V]
VRout Voltage over the resistances on the output side [V]
iRfe,D′ Current through the iron loss resistance under the conducting

interval of the diode
VLm,D′ Voltage over the iron loss resistance under the conducting

interval of the diode

This gives that the peak inductor current ipk, the mean input current Iin and the
mean output current Iout can be expressed as

ipk =
Vin − 2V0,SW − Iin(RL + R0,SW )

L
DTs

Iin =
ipk(D + D′)Ts

2

2

Ts

=
Vin − 2V0,SW − Iin(RL + R0,SW )

L
D(D + D′)Ts.

(B.182)

From equation B.182 and by setting up the volt-second balance of the inductor voltage
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the following equations are reached

D′ =
LIin

(Vin − 2V0,SW − Iin(RL + R0,SW ))DTs

− D

mean(vL) = (Vin − 2V0,SW − Iin(RL + R0,SW ))2D

+ (Vin − 2V0,SW − Iin(RL + 2R0,SW + Rcu1) − VLm,D′)2D′ = 0.

These two equations gives that the duty ratio for DCM can be expressed as

D′ =
√

LIin

Ts

·

√

√

√

√

√

n1
n2

Rfe

Rfe+(2R0,D+Rcu2)(
n1
n2

)2
(Vout+2V0,D)−Vin+2V0,SW +Iin(Rcu1+RL+2R0,SW +

Rfe(2R0,D+Rcu2)(
n1
n2

)2

Rfe+(2R0,D+Rcu2)(
n1
n2

)2
)

(Vin−2V0,SW−Iin(RL+R0,SW ))(
n1
n2

Rfe

Rfe+(2R0,D+Rcu2)(
n1
n2

)2
(Vout+2V0,D)+Iin(Rcu1+R0,SW +

Rfe(2R0,D+Rcu2)(
n1
n2

)2

Rfe+(2R0,D+Rcu2)(
n1
n2

)2
))

.

(B.183)

The losses in the components can be expressed as the integral of the voltage over
the component multiplied with the current through it divide with the period time.
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This gives the following losses for both CCM and DCM

Iout =
n1

n2

(
D′

D + D′
− Dsw,D − 2D′

(2R0,D + Rcu2)(
n1

n2
)2

Rfe + (2R0,D + Rcu2)(
n1

n2
)2

)Iin

− (
n1

n2

)2 2D′

Rfe + (2R0,D + Rcu2)(
n1

n2
)2

(Vout + 2V0,D) (B.184)

PL =
1

Ts

∫ Ts

0

RLIiniin(t)dt = RLI2
in (B.185)

Pcon,SW =
2

Ts

∫ DTs

0

(2V0,SW + R0,SW Iin)iin(t)dt +
2

Ts

∫ (D+D′)Ts

DTs

(2V0,SW + 2R0,SW Iin)iin(t)dt

= 2V0,SW Iin + (1 +
D′

D + D′
)R0,SW I2

in (B.186)

Pcon,D =
2

Ts

∫ (D+D′)Ts

DTs

(2V0,D + 2R0,D
n1

n2

(Iin − iRfe,D′))
n1

n2

(iin(t) − iRfe,D′)dt

= 2D′n1

n2

(R0,D
n1

n2

RfeIin − n1

n2
(Vout + 2V0,D)

Rfe + (2R0,D + Rcu2)(
n1

n2
)2

)

(
Iin

D + D′
− 2

n1

n2
(Vout + 2V0,D) + Iin(2R0,D + Rcu2)(

n1

n2
)2

Rfe + (2R0,D + Rcu2)(
n1

n2
)2

) (B.187)

Psw,SW = 4
n1

n2

Aon,SW + Aoff,SW

Ts

VoutIin (B.188)

Psw,D = 4
n1

n2

Arec,D

Ts

VoutIin (B.189)

Pcon,Tr = Rcu1
D′

D + D′
I2
in + Rcu2(

n1

n2

)2
RfeIin − n1

n2
(Vout + 2V0,D)

Rfe + (2R0,D + Rcu2)(
n1

n2
)2

(
IinD′

D + D′
− 2D′

n1

n2
(Vout + 2V0,D) + Iin(2R0,D + Rcu2)(

n1

n2
)2

Rfe + (2R0,D + Rcu2)(
n1

n2
)2

) (B.190)

Pcor,T r = 2Rfe(
n1

n2
(Vout + 2V0,D) + Iin(2R0,D + Rcu2)(

n1

n2
)2

Rfe + (2R0,D + Rcu2)(
n1

n2
)2

)2D′. (B.191)

Where:
Iout Expression for the output current, valid for CCM and DCM
PL Losses in the inductor [W]
Pcon,SW Conduction losses in the IGBT [W]
Pcon,D Conduction losses in the diode [W]
Psw,SW Switching losses in the IGBT [W]
Psw,D Switching losses in the diode [W]
Pcon,Tr Copper losses in the transformer [W]
Pcor,T r Iron losses in the transformer [W]

The same assumptions and selections that was made for the full bridge converter in
appendix B.6.4 are made for the full bridge isolated boost converter also. With these
assumptions and selections, the losses in the full bridge isolated boost converter can be
calculated. In figure B.35 the losses in the 2MW full bridge boost converter converter
used in the series connected DC wind turbines are shown. The converter has a fix
output voltage of 20kV, an input voltage as the grey dashed line in the center plot of
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figure B.14 and an input power approximately as the dotted line in figure B.7.
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Figure B.35: Left plot shows the efficiency of the 2MW full bridge isolated boost
converter, solid, and the efficiency for the transformer, dashed. The right plot shows
the different losses in the converter. Cond stands for conduction losses, Switch for
switching losses, Core for losses in the transformer core, T for IGBT, D for diode, Tr
for transformer and L for the inductance.
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Appendix C

Cost models

Due to that many of the sources who have help to contribute with cost information for
different components in the wind park want to be anonymous, no references to these
sources will be made. In some cases the information has been manipulated in order to
hide its origin. In these cases it is described how the manipulation is done so that the
reader will be able to critically check the information.

C.1 Energy production cost

The energy production cost is defined as how much it cost to produce and deliver a unit
of energy to the grid, i.e to the PCC. This gives that the total investment cost of the
wind farm is divided with the total energy delivered to the PCC. The total investment
cost is calculated assuming that the whole investment is made in the first year and
paid off during the life time of the wind farm. In addition, it is also assumed that
some profit shall be made. The total energy that is delivered to the PCC is calculated
by multiplying the average power delivered to the PCC with the average number of
operational hours during one year multiplied with the lifetime of the wind park. The
average power is calculated with equation 4.1. With these assumptions the energy
production cost can be calculated as in equation C.1.

Ecost =
Invest

Pout,AV GT

r(1 + r)N

(1 + r)N − 1

100

100 − PR
= K

Invest

Pout,AV G

(C.1)

Where:
Ecost Energy production cost [SEK/kWh]
Invest Investment [SEK]
Pout,AV G Average output power [kW]
T Average operational hour under one year [h]
r Interest rate [-]
N Lifetime of the wind farm [years]
PR Profit in %
K Constant

The life time of the wind farm is in this work set to 25 years, the interest rate to
4%, the profit to 3% and the average operational hours during one year is set to
365 · 24 = 8760. This gives that the production cost gets about 65% higher then
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without profit and interest rate, ie. K = 7.53 · 10−6 with interest rate and profit and
K = 1

TN
= 4.57 · 10−6 without.

As can be seen from equation C.1 the losses in the wind farm does not appear
explicitly. Indirect they affects the production cost due to that an increase of the
losses, decreases the average output power. To include the losses more directly in the
energy production cost, an input power most be defined. The input power to the wind
park is defined as the shaft power of a full variable speed wind turbine, described in
chapter 3.4, multiplied with the number of wind turbines in the wind park. Note, that
this way of defining the input power introduces extra power loss for fix speed wind
turbines since these do not operate with the optimum λ value for low wind speeds, se
chapter 3. The cost of the losses in the wind park is defined as the difference between
the energy production cost calculated with equation C.1 with the average output power
and the energy production cost calculated with equation C.1 with the average input
power as PAV G. With these definitions the energy production cost can be divided into
two parts, as can be seen in equation C.2.

Ecost = Ecost,invest + Ecost,loss = K
Invest

Pin,AV G

+ K
Invest

Pin,AV G

Ploss,AV G

Pout,AV G

(C.2)

Where:
Ecost Energy production cost [SEK/kWh]
Ecost,invest Energy production cost from the investment [SEK/kWh]
Ecost,loss Energy production cost from the losses [SEK/kWh]
K Constant, defined in equation C.1
Invest Investment [SEK]
Pin,AV G Average input power [kW]
Pout,AV G Average output power [kW]
Ploss,AV G Average losses in the wind park [kW]

From equation C.2 the contribution from each component in the wind park to the
energy production cost can be defined. This is due to the fact that the investment,
I, is the sum of the costs of all components and the mean power loss is the sum of
the average power losses in each component. This gives that the contribution to the
energy production cost from one component, c1, is defined as in equation C.3.

Ecost,c1 = Ecost,invest,c1 + Ecost,loss,c1 = K
Ic1

Pin,AV G

+ K
Invest

Pin,AV G

Ploss,c1,AV G

Pout,AV G

(C.3)

Where:
Ecost,c1 Contribution to the energy production cost from component c1 [SEK/kWh]
Ecost,invest,c1 Contribution from the cost of component c1 [SEK/kWh]
Ecost,loss,c1 Contribution from the losses in component c1 [SEK/kWh]
K Constant, defined in equation C.1
Invest Investment [SEK]
Ic1 Cost of component c1 [SEK]
Pin,AV G Average input power [kW]
Pout,AV G Average output power [kW]
Ploss,c1,AV G Average losses in the component c1 [kW]

Equation C.3 will be used in this work, to divide the energy production cost into
the contributions from different components and their cost and losses.
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C.2 Wind turbine

The cost of the wind turbine includes a 20, 30 or 50kV transformer but does not
include the foundation. The cost information that the cost model is based on comes
from different wind turbine manufactures (six), in the power range from 0.5 to 2.5MW
and with different electrical systems. The cost was assumed to be a linear function of
the output power, as shown in equation C.4.

CostWT = Ap + BpPrated (C.4)

Where:
CostWT Cost of the wind turbine [MSEK]
Prated Rated output power [MW]
Ap = −1.46 Offset constant
Bp = 8.38 Slope constant

As seen from the equation C.4 the offset is negative which means that the model does
not apply to wind turbines with an output power less the the smallest wind turbine
used to derived the model. In figure C.1 the cost information given is shown after the
output power is normalized to 2MW. The normalization was done in the following way:
The difference between 2MW and the rated power of the wind turbine was multiplied
with the slop constant Bp from equation C.4 and then added to the given price of the
wind turbine. The circles in figure C.1 shows the cost information used to calculate the
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Figure C.1: The cost of the wind turbines after normalizing the output power to 2MW.
Circles denotes the costs used to determine the constants in equation C.4, stars the
costs that was not used and the solid line the cost for a 2MW wind turbine from the
cost model.

constants in equation C.4 and the stars shows three outliers that was not used. From
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equation C.4 and figure C.1 it can be observed that the cost of a 2MW wind turbine
is approximately 15.3MSEK. The most interesting outlier denoted Middelgrunden in
figure C.1 is the cost from the home page the Middelgrunden wind park [52].

The cost model for wind turbines presented in equation C.4 is used for all wind
turbine types in this work. For the DC wind turbines in this work, it is assumed
that they cost the same as a AC wind turbine with the same output power. This
assumption is made based on the fact that an AC variable speed wind turbine has the
same components as a DC variable speed wind turbine, compere figures 4.6 and 4.11.

C.3 Transformer

The model developed for the cost of transformers is based on the rated power. The
cost information given is for transformers with rated power in the range 6.3 to 150MVA
and high voltage side in the range 47 to 140kV and low voltages side in the range 10.5
to 77kV. The model developed is non-linear because it follows the given information
best. The model is described as

CostTR = Ap + BpP
β
rated. (C.5)

Where:
CostTR Cost of the transformer [SEK]
Prated Rated output power [VA]
Ap = −1.208 · 106 Offset constant, if linear model = 1.724 · 106

Bp = 2143 Slope constant, if linear model = 0.04838
β = 0.4473 Exponent if, linear model = 1

From equation C.5 it is noticed that the offset for the non-linear model is negative
which gives that the model does not represent the cost for smaller transformers. In
figure C.2 the information is represented by the circles and the model by the solid
curve, the linear model is represented by the dashed line. From figure C.2 it is seen
that the non-linear model represents the given information best.

C.4 Cables

The cable cost model is more detailed due to that more information about the cost as
function of conductor area and rated voltage are known. The cost model of the AC
cables is based on the rated power of the cables, as shown in equation C.6.

CostAC = Ap + Bp exp(
CpSn

108
) (C.6)

Sn =
√

3UratedIrated (C.7)

Where:
CostAC Cost of the AC cables [SEK/km]
Urated Rated voltage of the cable, line to line [V]
Irated Rated current of the cable [A]
Ap, Bp, Cp Cost constants
Sn Rated power of the cable [VA]
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Figure C.2: The cost of the transformer, circles costs obtained, solid model in equa-
tion C.5 and dashed linear model (β = 1).

Table C.1: Cost parameters for AC cables, for different voltages.
Rated voltage [kV] Ap [106] Bp [106] Cp

22 0.284 0.583 6.15
33 0.411 0.596 4.1
45 0.516 0.612 3
66 0.688 0.625 2.05
132 1.971 0.209 1.66
220 3.181 0.11 1.16

In table C.1 the parameters that are used in this work for the AC cable cost model
are shown, for the different rated voltages. As can be noticed from equation C.6 and
table C.1 the cost of the AC cables increases exponential with the rated power of the
cable. It can also be noticed that the cost increases linearly with the cable length. In
figure C.3 the cost model of the AC cables that are used in this work are shown, as solid
lines, and the given costs as circles. The costs of the cables are shown for the rated
powers that where available for each voltage level. As can be noticed from figure C.3
the cost model represents the given costs well.

In the same way as for the AC cables the cost model of the DC cables is based on
the rated power of the cable. In equation C.8 the cost model is shown and as can be
seen it is a linear model instead of the exponential used for the AC cables.

CostDC = Ap + BpPn (C.8)

Pn = UratedIrated (C.9)
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Figure C.3: The cost of the AC cables used in this work, circles costs obtained, solid
model in equation C.6. The numbers in the figure indicates the rated line to line voltage
of the cable in kV.

Where:
CostDC Cost of the DC cables [SEK/km]
Urated Rated voltage of the cable, pole to pole [V]
Irated Rated current of the cable [A]
Ap, Bp Cost constants
Pn Rated power of the cable [W]

In table C.2 the parameters that are used in this work for the AC cable cost model
are shown, for the different rated voltages. As can be noticed from equation C.8 and

Table C.2: Cost parameters for different voltages.
Rated voltage [kV] Ap [106] Bp

5 -0.346 0.408
40 -0.314 0.0618
160 -0.1 0.0164
230 0.079 0.0120
300 0.286 0.00969

table C.2 the cost of the DC cables increases linearly with the rated power of the cable
and with the cable length. In figure C.4 the cost model of the DC cables that are used
in this work are shown, as solid lines, and the given costs as circles. The costs of the
cables are shown for the rated powers that where available for each voltage level. As
can be noticed from figure C.4 the cost model represents the given costs well.
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Figure C.4: The cost of the DC cables used in this work, circles costs obtained, solid
model in equation C.8. The numbers in the figure indicates the rated pole to pole
voltage of the cable in kV.

By comparing figure C.3 and figure C.4 it is seen that the DC cables are cheaper
then the AC cables.

The installation cost for the cables are assumed to be 800SEK/m for land and
2400SEK/m for sea. DC-cables on land can be installed by ploughing. This tech-
nic is cheaper then the 800SEK/m mention before but it only works if there is now
large stones or underearth rocks. Therefore the laying cost for land is assumed to be
800SEK/m for all cable types.

The cost for the cable compensating inductor is set to 2/3 of the cost for a trans-
former with the same VA rating. This is due to that cable compensating inductors only
have one winding per phase compared to transformers that has at least two windings
per phase.

C.5 Converters

The cost model for the different converters that are used in this work was difficult
to obtain. The reason is that some of the converters (AC/DC) are still based on a
young technics and some do not exist yet, DC/DC converters in the MW size. For
the AC/DC converter, the cost will be set to 1SEK/VA. This cost is used for all the
equipment between the AC connection to the DC connection and for a converter in the
150MVA size. But this cost will be used in this work for all AC/DC converters with
a rating from 60MW and higher. In reality the cost of a smaller converter should be
somewhat higher and for a bigger converter somewhat lower per VA.
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For the DC/DC converters the same cost is used, 1SEK/VA. This is due to the
fact that the total VA rating of the switches in the AC/DC converter is approximately
the same for a DC/DC converter with the same rating as the AC/DC converter. This
means that approximately the same amount of semiconductors are used. For the other
components included in the cost of the AC/DC converter, transformer, inductors, filters
etc. it has been noticed that these also are used in the large DC/DC converters, 60MW
and higher, in this work. Due to this, the same cost as for the AC/DC converters are
used for the DC/DC converters.

C.6 Switch gear

The cost model for the switch gear is approximated with a linear relation depending
on the voltage level. In the left plot in figure C.5 the costs of the main components
of the cubicles are shown, breakers (stars), disconnecters (circles) and sensors (plus
signs). In the right plot the total cost of the cubicles are shown, circles, and the total
component cost using the costs from the left plot are shown as stars. The lines in the
two plots are least square approximations of the presented cost data. From the right
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Figure C.5: In the left plot the component cost for breakers (stars), disconnecters
(circles) and sensors (plus signs) are shown. The lines in the plot are least square
approximations of the presented cost data. In the right plot the cost for cubicles,
circles given cost data and stars the apparatus cost obtained from using the costs in
the left plot. The plus signs are for the protections in the wind turbine. The lines in
the plot are least square approximations of the presented cost data.

plot in figure C.5 it can be noticed that the cost models agrees well with the component
costs. This is due to the fact that on top of the component cost a cost for the cabinets,
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mounting and some peripheral equipment is added. The dashed line in the right plot
in figure C.5 will be used to represent the cost for switch gear. The parameters for the
dashed line are shown in equation C.10.

Cost = Ap + BpUrated (C.10)

Where:
Cost Cost of the cubical [SEK]
Urated Rated voltage of the switch gear, line to line [V]
Ap Offset constant = 320 · 103

Bp Slope constant = 6

Of course, the cost for the transformer cubicle on the low voltage side, for example
se figure 2.3, will be higher then the cost for the cubicles for the incoming lines due
to the larger breaker and more protections for the transformer and busbars. But this
higher cost for some of the cubicles is not taken into account in this work.

As can be noticed from the figures in chapter 4 some switch gear for the incoming
lines to the wind turbines are needed. The component cost of this extra switch gear is
shown in the right plot in figure C.5 as plus signs. The dotted line is the least square
approximation of the presented cost data, which will be used to represent the cost for
this equipment. In equation C.11 the parameters for this dotted line are shown.

CostWT = Ap,WT + Bp,WT Urated (C.11)

Where:
CostWT Cost of the cubical [SEK]
Urated Rated voltage of the switch gear [V]
Ap,WT Offset constant = 100.33 · 103

Bp,WT Slope constant = 2.8726

The cost functions presented in equations C.10 and C.11 are the ones used to rep-
resent the costs for switch gear in this work.

C.7 Other components

The other components in the wind farm that will have a cost in this work are the
foundations for the wind turbines and in the cases it is needed, the offshore platform.
For the components that have an equal cost in all wind turbine systems, the cost is
neglected. This is because they are assumed to influence the result equally in all the
cases and therefore they will not affect the comparison of the different cases.

In this work, all foundations for the wind turbines are assumed to be monopiles
and the cost for these are set to 7.5MSEK independent of water depth and size and
type of wind turbine.

The cost for the structure of the offshore platform is assumed to be described with
equation C.12.

Cost = Ap + BpPrated (C.12)

Where:
Cost Cost of the structure of the offshore platform [SEK]
Prated Rated power of the wind farm [W]
Ap Offset constant = 20 · 106

Bp Slope constant = 0.7
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This cost model is for a quite sophisticated platform with living quarters for work-
ers, heliport, low and high voltage switch gear and transformers or converters. Of
course, in some cases a simpler platform can be sufficient. But in this work, the cost
model presented in equation C.12 are used for all offshore platforms.
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