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CARL LARSSON
ANDREAS RYDGÅRD
Department of Electrical Engineering
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Abstract

With increased need for electric power production that is based on renewable resources it
is important to utilize more efficiently the available resources. An emerging technology is a
kite moving under-water, which extracts power from the velocity of the ocean currents. By
using a wing to create lift from the ocean currents to move through the water, and thereby
increase the water flow through the turbine, more power can be produced from the ocean
currents. With a power plant moving under water it is preferable to locate as much of the
electric components as possible outside of the kite. Locating the inverter away from the
power plant creates the need for long transmission lines between the two components. This
results in overvoltages at the generator terminal due to reflections of the voltage pulses. This
thesis has investigated the problems with overvoltages due to this phenomena and how to
mitigate it while keeping only the generator inside the power plant. The study was done
through literature study, calculations and simulations in the software LTspice. The results of
the thesis show that the overvoltages can be mitigated to an acceptable level below ∆VLL =
20% by implementation of a multilevel converter and an LCR-filter. In addition, by using
a 5-level inverter the size of the filter can be reduced while still maintaining an acceptable
voltage at the generator terminal.

Keywords: Electric drive, filter, long cable, tidal, power plant, PMSG, kite, generator, subsea,
overvoltage mitigation.
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1
Introduction

1.1 Background

The desire for renewable resources for electric power generation has increased which makes
the efficient utilization of the available resources of high importance. A resource that has
not been widely exploited so far is the marine energy, which is found in the tidal and ocean
currents. Every day the tides move large amounts of water that carries a lot of kinetic energy
that can be used for energy production. The velocity of the tides is relatively slow making it
difficult to generate power with existing technology. By using a moving kite with a wing, such
as in Fig 1.1, that generates lift from the moving water the relative speed of the water moving
past the power plant can be increased.

Figure 1.1: Concept of Deep Green, underwater kite for production of tidal power.

With the increased speed of the water through the turbine the potential for generating power
is increased, thereby increasing the range of usable water speeds, such as slow tidal streams
[1]. The tides depend on the position of the moon, the position of the sun and earths rota-
tion. These factors decides when the tides are high and low. This makes the tides simple in
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1. Introduction

their nature and also makes them very predictable [2]. The predictability is a desired char-
acteristic in a renewable resource, which results in a reliable and predictable energy produc-
tion. Compared to many other renewable resources such as wind and solar the resource of
tidal or ocean currents can provide stability to weak grids through predictive energy produc-
tion.

Unfortunately there are several challenges with having power plants out in the open sea, one
of which is the need to transmit the energy produced from the power plant. This requires
the use of long cables that connect the power plant to the grid or the consumer. Along with
long cables there are some characteristics that are undesired such as losses in the cable, har-
monics and transients interfering with the system [3], [4]. By having the power plant under
water at least some of the components of the plant needs to be submerged out at sea. This
fact sets requirements on the system and the included components. The power plant is mov-
ing and therefore the components need to be as small and lightweight as possible while still
providing all the electrical requirements for power production. That is why it is preferable to
move as much of the needed components of the power plant out of the kite itself to a loca-
tion that is not moving with the kite. Because of the need for components with high power
density having a permanent magnet synchronous generator (PMSG) is required. To control
a variable speed PMSG a pulse width modulated (PWM) inverter is needed in order to use
maximum power point tracking (MPPT). The inverter controls the generator by controlling
the torque and thereby the speed and power of the generator [5]. By having a PWM inverter
connected with a long cable the problem with traveling waves and reflections presents itself
[4]. PWM controlled machines with long cables have had a history of having breakdowns in
the insulation of the machine due to high overvoltages caused by reflections in the power
cable. Some of the reasons to the breakdown are: voltage at the inverter, risetime from the
inverter, cable length between the generator and inverter and the generator insulation [6].

It is highly beneficial to minimize the risetime of these PWM inverters, since it is then pos-
sible to reduce the switching losses of the power switches. The short risetime of the power
switches is one of the major factors in the overvoltage phenomenon due to reflections. One
complication in this is the dilemma of having as fast risetimes as possible while at the same
time mitigating the problem of overvoltages at the generator terminals. In the last cou-
ple of years a new technology has emerged as a viable option for having converters with
lower switching losses than the existing converters have today. This technology is the wide-
bandgap semiconductors, such as the SiC and GaN MOSFETs, which can have much faster
risetimes than the existing IGBTs commonly used in applications today. Unfortunately this
will result in even higher overvoltages which would damage and break electric machines if
not treated properly. As of today some of the converters on the market operates with rise-
times resulting in voltage steps of about 5−6kV /µs , which does not utilize fully the capa-
bility of the newest power switches. This is most likely to increase in the near future with the
ongoing research and results.

With the implementation of long cables in the electric drive system there is also a possibility
to arrange the electric components in the most suitable configuration available. When doing
this one needs to see what impact the long cables have on the system and analyze this in
order to minimize electric losses and the negative effects in the transmission. This aspect is

2



1. Introduction

what this masters thesis is going to focus on.

1.2 Aim

The aim of this Master’s thesis is to study the effects of using long cables in an electric drive
for a permanent magnet synchronous generator (PMSG) in a sub sea tidal power plant. The
goal is to evaluate the problematic of a long transmission cable in the electric drive, from the
inverter to the generator, given the design of the system and find possible solutions to these
problems.

1.3 Scope

The focus of this project is to study the effects of long cables and their location for a complete
electrical power take off (PTO) system. Different lengths of the cable and different compo-
nents and topologies of the electric drive will be examined. The objective of the project is
to study challenges for the system and to find solutions to the problems. One PTO system is
in this project regarded as a generator, a back-to-back AC/DC and DC/AC converter, a filter
and long transmission cables which consists of a cable in the tether of the kite and a cable
on the sea bottom. The cable on the sea bed is connected to a point of common connection
(PCC) that connects the power plant to the grid through a long high voltage cable. In this
project the components up to the converter will be studied as indicated by the red rectangle
in Fig 1.2.

Generator Cable Filter
AC-
DC

DC-
AC

Filter PCC

Figure 1.2: A drawing showing the scope in the PTO.

The configuration will only include one PTO and not an array of several PTOs working to-
gether, which would be a natural case for commercial production. The generator that was
used in this project was a PMSG and variable speed, being controlled by a three-phase in-
verter. The requirements of the system are operation in a sub sea environment down to a
depth of at least 100 m; located up to 1 km from the point of common connection; produc-
ing 100 kW of electrical power.

The effects of different voltage levels on the system will be investigated. The voltages in focus
are 400 VRMS and 2800 VRMS as the voltage over the long cable. The electrical components
were reduced to simplified versions for the simulations in order to keep the focus on the
problems of the system. The inverter was reduced to a generated PWM signal and the gen-
erator was assumed to have a constant impedance.

Most commonly, when designing an electric power cable the international and national
standards and regulations are used [7]. In this project, since the focus is not on designing a
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power cable or components but the effects of different configurations of the system a typical
cable for the application was used from a manufacturer where the parameters of the cable
were known. The system was modeled in LTspice where different aspects and phenomena
were considered, such as harmonics, reflections, overvoltages and transients. A simplifica-
tion that was made is that the mutual inductance and capacitance between the phases were
not considered, the cable is therefore seen as having three conductors individually shielded
by a grounded shield.

The mechanical stress due to the movements of the kite on the different parts of the system
was not taken into consideration. The maintenance of the system was not considered ei-
ther. However, the study will review the different solutions and the results of the simulation
regarding possible change in lifetime expectancy. The system should not need any main-
tenance due to overvoltages that damaging the components or the insulation of the cables.
The loading of the machine affects the overvoltage, however, it is not well documented and
will therefore not be of any focus in this project [8].

The voltage and its characteristic have been analyzed. The system has been analyzed as
having voltage transients in the steady state operation and thus the voltage magnitudes have
been in focus. Neither the active, nor the reactive power generated from the PMSG have been
the focus of this study. If the voltage is within limits the current is assumed to be within limits
as well. The voltage is seen as acceptable when the overvoltages of the line to line voltage has
less than a ∆VLL ≤ 20% of the expected PWM voltage.

1.4 Task

The project has, through literature studies and simulations, examined problems that could
occur during operation such as transient waves and harmonics and if a filter implementation
could mitigate the overvoltages. In order to do so the system has been evaluated as having
transient voltages. Little regard has been given to the fundamental frequency since it does
not affect the high frequencies nor the overvoltages.

The electric power system of a power plant needs several components that need to function
together for the system to be efficient and work properly. The components are usually the
same for one type of power plant. One thing that can differ a lot is the control strategies [9],
[10]. However, since the system in this report is a generic one the control strategy has been
neglected. The importance in this report is in the connections of the different components
and how the parameters of these affect the voltage.

The task is to mitigate overvoltages to a maximum of ∆VLL ≤ 20% at the generator terminals
caused by the inverter switching and to analyze the effects of the parasitic components of the
hardware. The maximum voltage that the generator can handle without causing faster aging
of the machine windings insulation is decided by machine manufacturers. Since manufac-
turers usually have a buffer in the voltage magnitude to about 20% and this being the goal in
some literature this has been the limit set as a goal for the voltage mitigation [11], [12].
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2
Theory

The power electric system of a power plant is the essential part of the PTO system to generate
and transfer electrical power. The power electric system itself is made up of a few major
components such as the generator, filter, cable and converter which are explained in this
chapter.

2.1 System structure

The system structure of the PTO is as mentioned in the background and consists of the gen-
erator, transmission cable, filter and converter. Because of the unique situation of the power
plant there system structure can be further described as having some more criteria. The gen-
erator needs to be as compact as possible with high power density. The mechanical power
comes from the turbine moving trough water at different speeds due to the need for the kite
to be moving in a figure of eight pattern, as can be seen in (2.1) the power that can be gener-
ated goes up with a power of three to the speed

Pt i de =
1

2
·ρw ater ·Cp (α,β) · A ·V 3

cur r ent −Pdr ag l osses . (2.1)

The movements of the kite affect the generator and the other components, the kite should
be designed with this in mind. The generator will be exposed to vibrations when the kite is
moving. Because of this the airgap cannot be very small, some tolerance for some vibrations
is required. Aspects such as this should be considered when choosing components to be
used in an application like this.

In the trajectory of the figure of 8 the speed of the kite changes, with a change in the speed
of the kite the water velocity through the turbine changes as well. This makes the use of a
variable speed more suitable. Another part of the generator design that is set by the circum-
stances of having the generator in a moving power plant under water is the difficulty with
grounding. The connection to ground in this type of moving power plant under water do not
exist therefore the neutral of the generator is left electrically floating and the voltage in the
neutral point is the common mode voltage.

The generator is controlled by an inverter. Due to the variable speed setup the generator
needs to be controlled by a three phase AC/DC inverter. Depending on how and where the
converter is located the concern for thermal development might present itself. Since all the
components in the kite needs to be protected from the outside environment (the ocean) and
from the vibrations of the kite the component can be needed to be packed in extra material,
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however, this could be avoided by using the walls if the kite as a heat sink. The inverter it-
self can be controlled in a few different ways. The switching can be done in PWM or SVM
pattern which affects the harmonics generated by the inverter. PWM switching generally has
a higher switching frequency but also needs a higher DC voltage, unless a more advanced
switching control is used that is called zero sequence injection. By using PWM the frequen-
cies at the lower range is zero up to the switching frequency.

The filter that is required is dependent on the system requirements and the other compo-
nents used. If the frequencies that needs to be taken care of is in the low frequency range the
filter components need to be bigger. If the system requires that the voltage is perfectly sinu-
soidal the filter will have to be bigger than if the tolerances are not so tough. Depending on
what voltages is being the focus of the filter the topology should be taken into consideration.

The transmission cable of a submerged power plant has a lot of similarities to a transmission
cable that is designed for normal land based use. The sub sea cable need armoring, which
the land based cable doesn’t. The armoring makes the cable bigger and heavier. The param-
eters of sub sea cables are usually a bit larger than for the land based cables. Depending on
the configuration there might be need for the power plant to have a conductor in the cable
designated for the neutral/ground that is separate from protective ground.

2.1.1 System voltages

In the system and over the transmission cable the voltage can be divided up into two parts.
The differential mode voltage and the common mode voltage. The combination of these two
will be the resulting voltage [13]. In a system which is electrically floating the voltage of any
point in the system is relatively arbitrary. The voltage potential can only be seen as having a
different or the same voltage as another point in the system. With a floating system the volt-
age reference is not naturally ground since the components are not electrically grounded.
This makes the natural point of reference of a phase another phase. The only connection to
ground in a floating system is the stray capacitance to ground through the insulating mate-
rial which usually is only affecting the system in high frequencies.

The differential mode voltage is a voltage that can be seen as the difference in instantaneous
potential between the phases. When the inverter switches, the phases goes in and out of
sync with each other, a difference in instantaneous line-to-line voltage arises

Vdi f f AB =Va −Vb . (2.2)

The other differential voltages can be represented in the same way but for the other phases.

The common mode voltage, like the differential mode, arises from the inverter switching.
Common mode voltage is the voltage from all of the three phases to ground [14]

VC M = VaG +VbG +VcG

3
. (2.3)

In a y-connected generator the y-connection has a finite impedance to ground, this coupling
will have a high frequency current moving from the y-connection to the grounded outer shell
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of the generator. This in turn implies that there is a voltage at the connection point. This
voltage appears over a capacitive voltage divider that is the generator bearings where it will
create discharges [15].

It is possible to reduce the common mode voltage by using the mutual inductance connec-
tion between the cable inductances and incorporate that in the filter [16]. However, by hav-
ing individually shielded and grounded transmission cables this technology is not possible.
Another problem with this voltage is the result of bearing currents that also wears down the
generator and reduces its lifetime [16]. Together with this the neutral point voltage induces
high frequency voltage in the shaft of the generator and induces a current to ground through
stray capacitances. This current has shown to interfere with ground fault protection systems
[16].

2.2 Generator

To have a generator in an industrial plant there are several requirements that needs to be
properly addressed for the plant to be accepted to generate power for distribution [17]. For
a power plant with high requirements on being compact and having high energy density a
PMSG is suitable [18], [19]. Since a PMSG only has negligible losses in the rotor due to the ab-
sence of current in the rotor to generate the magnetic flux a PMSG can have a lower volume
compared to an induction motor. Since the power plant is under water and moving there is a
need for the generator to be as compact as possible with the highest power density possible.
When high energy density is needed a machine with permanent magnets is preferable. With
no heat dissipation from the rotor the machine can withstand a higher power rating com-
pared to if there were losses in the rotor as well. Resulting in PMSG being more power dense
[20].

The model of the PMSG is the same as for a synchronous generator [21]. Usually the ma-
chine is modeled for the fundamental frequency and it is simplified to the extent that the
capacitive parasitic effects can be neglected. In the case of transients this model is insuffi-
cient in representing the machine. Therefore a capacitive element, the stray capacitance Cs

is introduced that represent the capacitance between the windings and Cm to the grounded
stator frame. The equivalent schematic of the generator literature says can be quite different
from one machine to another. Depending on the design and the geometry of the machine
the parasitic parameters will differ and with that also the equivalent schematic. The most
accurate way of extracting the equivalent circuit for the generator is to measure the parame-
ters over the frequency bandwidth of interest and match those values in the model [14], [22].
In general, for a medium voltage generator one can say that a larger generator has lower
parameters [23].
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2.2.1 PMSG

There are a few different ways of designing a PMSG. One of the aspects to consider is how
to attach the permanent magnets to the rotor. Gluing them to the outside of a round rotor,
surface mounted PM, or having them embedded into the rotor, insert-mounted PMs. In this
project the assumption has been made that the PMSG used in the model is of the former.
This results in the inductance of the PMSG is constant regardless how the rotor is positioned,
Ls = Ld = Lq .

2.2.2 Variable speed

In a system which is moving and has changes in water flow through the turbine, the use of a
variable speed generator is preferable. A variable speed PMSG has a more even power pro-
duction due to the possibility to change the torque of the generator as the speed changes.
With variable speed the power plant has more constant torque which results in a longer life-
time. The constant speed has slightly higher efficiency but the variable speed solution is
more economic when considering the lifetime [24], [25]. Along with variable speed short-
time flicker is present, this can be mitigated by controlling the converters [26].

2.2.3 Problems with overvoltage

If the windings in the stator are exposed to higher voltages than designed for, the insulation
of the winding will break and short circuit. To secure the generator the insulation could be
made to withstand a higher voltage, however, it is not common practice. The generator has
a certain maximum voltage that is allowed before it breaks [27], [28], [29], [30].

Depending on how the windings of the generator are wound there will be some difference in
how high and how fast voltage it can withstand [31]. When a voltage pulse arrives at the gen-
erator terminal the entire winding will not have the pulse evenly distributed over it instantly.
It takes some time for the voltage pulse to travel across the winding. If the pulse is very steep
just the first few turns of the winding will have all of the voltage across them and is therefore
in a higher risk of having hastened aging or breakdown. In addition to one pulse being steep,
if the windings are wound with two phases in one slot, or both, the winding can have the full
line to line voltage over a few of the first turns. If the windings insulation is not enough to
withstand the voltage the insulation will have a hastened aging [32], [33].

If the voltage is to high there might even be coronas, that will break down the insulation [34].
Stress relief coatings are one of the tools used to increase the toughness of the generator
against overvoltages [35]. Above about 1kV the electrical stress is the main aspect of consid-
eration when designing the insulation, below that the mechanical stress is the main factor
to consider. Below a certain voltage that the generator is designed for there is practically no
aging [35].
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2.3 Power electronic converters

For a PMSG the inverter is in charge of the control of the power transfer. An inverter is a
converter that by semiconductor switching controls the voltage and current of an electrical
power generating unit. In this project this unit is the PMSG. There are a few different control
methods to control a variable speed PMSG when using inverters [36]. One is to control the
inverter output voltage by controlling the switching of the inverter in a PWM pattern.

The use of PWM converters are known to cause high frequency disturbances in the system,
especially when they are connected to a long cable that transmits the power [6], [37]. This
leads to conducted electromagnetic interference (EMI) given by the parasitic elements of the
cable when exposed to steep voltages. Common mode as well as differential mode voltages
creates electromagnetic interference in the electric system. Which needs to be mitigated in
order to achieve good power quality.

2.3.1 PWM switching

The PWM switching is essential to this kind of generator control. By having a high switching
frequency the EMI and switching harmonics can be moved to higher frequencies and reduce
the needed size for the filters [38]. However, with a higher frequency the need to mitigate the
overvoltages is even more important. Due to high switching frequency the overvoltage will
be increased due to more pulses interacting with each other [39], [40].

The switch consist of a gatedriver-integrated circuit (G-IC), resistor and the IGBT. The switch-
ing is controlled by the G-IC and the resistor controls the risetime of the switching voltage.
The voltage that is applied to the switch is the voltage that create output voltage. By using
the same G-IC and resistor at the gate of the IGBT means that the risetime of the gate volt-
age, Vg s is the same risetime that the applied voltage of the switch have, Vd s . By having the
same risetime independent of the voltage applied means that the kV /µs will decrease when
a higher number of voltage levels in the PWM are used or when the voltage applied to the
switch is lower.

The phase amplitude depends on the the modulation ratio and the DC-Link voltage. The
control wave is compared to the triangular wave and depending if the control voltage is
larger or smaller than the triangular waveform certain switches are open or closed. It is the
frequency of the triangular waveform that is the switching frequency. The ratio between the
amplitude of the control wave and the triangular wave can be described as

ma = V̂contr ol

V̂tr i
(2.4)

where ma is the amplitude modulation ratio. The amplitude modulation ratio describe how
long and often the switches will turn on and off. This will in turn determine the amplitude of
the resulting sine wave of the PWM will have

Vphase = ma
Vd

2
(2.5)

where Vphase is the amplitude voltage of the phase.

9



2. Theory

2.3.2 Topology

For the multilevel PWM waveform several carrier waveforms are added for the three and five
level PWM. For this two respectively four carriers are used to create the number of levels
in the PWM signal that were needed for 3- and 5-level switching. When several carriers are
used the voltage can switch in smaller steps and the resulting in a waveform which is more
similar to a sine wave. Another positive aspect of having more levels in the switching is that
the voltage does not have as high amplitude steps as for a two level converter.

2.3.2.1 2 level PWM

In a 2 level topology for a PWM inverter there is a DC-link and that DC-voltage is divided
over two transistors that thereby can give the output either +VDC /2 or −VDC /2. This result in
a voltage step of |VDC | with every switch, because both switches are controlled by the same
signal. One of the switches is at any given time on and the other is off and they switch with a
reference wave over a carry wave.

In the 2 level PWM inverter construction the voltage steps between −VDC /2 and +VDC /2
and is constructed as follows, the voltage output from the inverter is +VDC /2 when the carry
signal is lesser than the reference and the output voltage is −VDC /2 when the carrier is larger
than the reference, this is shown in Fig 2.1. The switching frequency is proportional to the
switching of the carrier waveform.
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Figure 2.1: 2-level PWM switching. The blue sawtooth waveform represent the carrier wave-
form, the red waveform represent the reference signal and the PWM waveform is the result-
ing waveform when the carrier and reference waveform have been compared.
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2.3.2.2 Multilevel PWM

Multilevel converters have more voltage steps than a 2-level converter. Instead of switching
with a step of VDC they switch with a reduced voltage step and can move between voltage
steps to get a better representation of a sine wave as can be seen in Fig 2.2. By having the
voltage step and dV /d t smaller the overvoltage at the generator becomes lower as well. Even
though having smaller voltage steps in the inverter the overvoltages will not disappear [41].
The more levels a multilevel PWM topology has, the more complex the switching controls
is. By having more voltage steps there is a need for more components which needs a more
careful control.
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(a) Generated 3 level PWM switching. A three level PWM has voltage
steps of VDC /2. The control strategy lets the voltage move between
three levels: +VDC /2; 0 and −VDC /2.
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(b) Generated 5 level PWM switching. A five level PWM has voltage
steps of VDC /4. The control strategy lets the voltage move between
five levels: +2VDC /4; +VDC /4; 0; −2VDC /4 and −VDC /4.

Figure 2.2: 3 and 5 level PWM with 10ns risetime.
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2.4 Submarine power cable

This section describes what defines a submarine power cable and its characteristics. How its
parameters are found and some problems with them [7]. Submarine power cables are differ-
ent than regular power cables that is commonly used on land. The differences have resulted
in the requirement for a standard for planning, installing and design of such cables [42]. The
primary difference between submarine cables and cables for land use is the armoring [43].

With the armoring the cable becomes bigger. The addition of materials affects the cables pa-
rameters. One thing that is increased is the dielectric losses. However, for such low voltages
as 2800 VAC the dielectric losses can be neglected [7], [44]. One of the clear characteristics
and problems with having long power cables is the power loss in the cable. This is wanted to
be as small as possible. There can be, if the cable has metallic armoring, an induced current
in the armoring of the cable that creates extra losses [45].

There are a few different models that can be used for transmission lines. The π-section is
commonly used in modeling transmission systems of 50 or 60 Hz. This can be divided up
into lumped parameter model and distributed parameter model. Lumped parameter model
is the most simple one. As the name suggests the parameters of the cable are lumped and
are represented by one element. The distributed model have the parameters of the cable
distributed over several elements. This is used when there are changes in the voltage over
the distance of the transmission line, such as transients, fast voltage switchings or voltages
with high frequencies such as square waveforms such as PWM.

In power systems, to model a transmission line one can use short, medium or long line
model for <80km, 80-250km and >250km respectively. The medium and short line model
uses lumped parameters for the total impedance and the shunt capacitance is considered
lumped at each end of the line as in Fig 2.3. For transmission lines longer than 250km the dis-
tributed parameter model must be considered for an more accurate solution, which means
that several π-sections are used to model the cable [46]. The same can be done for high fre-
quency models. The real cable can be seen to have an infinite number of π-sections but to
model the cable a definite number of π-sections are used. The total impedance of the cable
is evenly distributed among the π-sections which creates an approximation of the real cable.

i1
Rpi Lpi i0

Cpi

2
Cpi

2

+
ei

-

+
v0

-

Figure 2.3: The two port π-network for link i .

When modelling transmission lines for high frequency voltages these models lack the prop-
erties to show the changes in the parameters that occurs as the frequency changes. At higher
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frequencies the skin effect and proximity effect changes the value of the resistance. This
change cannot be accurately modeled with these models. One way of extending the model
to incorporate the change is to model the resistance as an RL-ladder [47]. By modeling the
parameter as a ladder the effective resistance changes with the change of frequency, same
for the reactive parameters. The other alternative is to estimate the parameters for one fre-
quency and approximate the parameters to that one frequency.

2.4.1 Parameters and characteristics of a submarine cable

The main aspect to consider is the capability of the cable to withstand the heat that is gen-
erated by the current flowing in the cable. With the heat generated by the current flowing in
the cable there is a change in the resistance. A cable with a higher operating temperature has
a higher resistance which can be calculated as

RDC ′T = RDC ′20[1+α20(T −20)] (2.6)

where α20 = 3.93∗ 10−3 [K −1] for copper and T is the operating temperature. The manu-
facturer writes in the datasheet the standard parameter and the operating resistance for the
cable is calculated using (2.6). The thermal resistances and the effects of the thermal increase
in the cable during operation can possibly be a factor that changes and thereby changes the
resistance of the cable [48].

The parameters that are being used in the modeling of a transmission cable are R (resis-
tance), L (inductance), C (capacitance) and G (conductance), in this case the conductance
is neglected since it is very small. The parasitic effects of a cable are shown throughout the
frequency spectrum and changes depending on the frequency [3], [49]. At low frequencies
the resistive parts are dominant. Depending on what frequency it is the dominant part of
the cables parasitic effect might change. It seems that for medium to high frequencies, up
to about 70 kHz the inductive part is dominant, with the LDM . At very high frequencies the
capacitive part becomes more dominant.

2.4.2 Frequency dependency

A well known effect on the parameters of a cable with the change of frequency is the skin
effect. At high frequencies the resistance of the cable increases.

Another effect is the proximity effect in bundled conductors. For high frequencies the cur-
rents in the conductors tend to flow on the side facing the neighbour conductor. That results
in further increase in resistance. If the currents of the conductors are flowing in opposite
directions, the inductance is decreased as well. Capacitances decrease with increasing fre-
quency. This because of the polarization of the dielectric. These effects are shown well for
high frequencies, 1kHz and up. However, the inductance can change significantly with har-
monics.

These frequency dependent effects are present in the system and will affect the parameters.
However, the effect that is active will be small due to the fact that there is a low energy content
in these high frequencies for a power generating system.
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2.4.2.1 Skin effect and proximity effect

The resistance of an AC conductor is dependent on the frequency of which it operates. When
the frequency increase so does the resistance. The reason is that the current flows more in
the outer parts of the conductor resulting in a smaller conducting area.

RAC = RDC (1+ ys + yp ) (2.7)

Where RAC is the resistance of the conductor for a given frequency. Here ys is the skin effect
and yp is the proximity effect which are given by

ys =
x4

s

192+0.8x4
s

(2.8)

where the factor x4
s is

x2
s =

8π f

RDC
ks ∗10−7 (2.9)

where ks is equal to one for a equilateral triangular placed cable. The factor for the proximity
effect is

yp =
x4

p

192+0.8x4
p

(
dc

s

)2

0.312

(
dc

s

)2

+ 1.18
x4

p

192+0.8xp4 +0.27

 . (2.10)

Here the dc is the diameter of the conductor in [mm], s is the distance between the center of
the cables and the factor xp is

x2
p = 8π f

RDC
kp ∗10−7 (2.11)

where kp is 1 for a non-impregnated cable. These equations describe the increase in resis-
tance that comes at higher frequencies than DC [50].

2.4.2.2 Hyperbolic correction

The voltage in the system has a wide frequency spectra which consists of several other fre-
quency components than 50 H z. In the data sheet the values of the components are valid
for a frequency of 50 H z but due to the frequency dependency of the components the alter-
ing frequency change the values of the components and therefore a hyperbolic correction
is needed to correct the value of the components. The frequency at which the hyperbolic
correction is preformed means that the parameters of the π-section is the most accurate at
the frequency where the hyperbolic correction is preformed. The impedance and the admit-
tance of the cable is described by

Z = R + jωL Y =G + jωC (2.12)

where the conductance G is neglected. The parameter ω is the frequency where the hyper-
bolic correction is preformed and where the value of the components are most accurate. The
impedance and the admittance describes the surge impedance ZC of the cable

ZC =
√

R + jωL

jωC
=

√
Z

Y
(2.13)
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and the propagation constant γ

γ=
√

(R + jωL)( jωC ) =
p

Z ·Y (2.14)

This gives the impedance Z ′ for each π-section

Z ′ = ZC · si nh

(
γlC

Nπ

)
(2.15)

and Y ′ is the admittance per π-section

Y ′

2
= 1

ZC
t anh

γlC

2 ·Nπ
(2.16)

in (2.15) and (2.16) is lC the length of the cable and Npi is the number of π-section that
are used in the model. For each π-section the resistance, inductance and capacitance are
calculated as

Rπ = r eal (Z ′) Lπ = i mag (Z ′)
ω

Cπ = i mag (Y ′)
ω

(2.17)

The value for each component is inserted into the model for the π-sections as can be seen in
Fig. 2.4 [11].

Figure 2.4: The figure shows how the π-section are constructed and how the different com-
ponent parameters are defined.

The number of π-sections represent the frequency spectra the model is accurate for by

Nπ = 8 · lC · fmax

vC
(2.18)

where Nπ is the number of π-sections, lC is the cable length, vC is the speed of the traveling
waves and fmax is the approximated frequency range that is represented by the model [51].

2.4.2.3 Shielding

The shielding of the current is needed to keep the electromagnetic field inside the cable.
With a grounded shield around the conductor the electromagnetic field will not interact with
anything outside of the cable. Depending of how the shielding is constructed the cable get a
coupling capacitance between each phase [52], [53], [54]. If each phase is shielded separately
the phases do not interact with each other.
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2.5 Overvoltage due to wave propagation

When there is a voltage source in the system with fast risetimes of the voltage there is a risk
of having reflections in that system. The magnitude of the reflection depends on the re-
flection coefficient which is represented by the impedance of the cross section between the
components in the system. If there is an impedance mismatch between the components a
reflection occurs, the larger impedance mismatch the larger reflection. As can be seen in
Figure 2.5 if a voltage wave is travelling from Z1 towards Z2 an increase in voltage occurs at
the mismatch if Z1 is larger than Z2 [55]. If the opposite case is true, when Z1 is less than Z2

a voltage decrease occurs [56], [57].

Figure 2.5: The figure shows the reflection that occurs when there is a mismatch in impedance
between two components in an electrical system.

The reflection coefficient is represented as

Γn = Z2 −Z1

Z1 +Z2
(2.19)

where Z1 and Z2 represent the impedance of the component i.e. cable, generator or inverter.
The voltage at generator and inverter are derived as an infinite sum of wave traveling back
and forth [58]. When the wave hit the end of the cable where either the motor terminal or the
inverter terminal is placed the voltage wave is reflected. The reflected wave then travels on
the cable to the other side where it is reflected again, this can be seen in the lattice diagram
in Fig. 2.6 [55].

Usually for electric motors the characteristic impedance is ten to hundred times higher than
the characteristic impedance of the cable [59]. Typical reflection coefficient for a 125 hp
(93kW) motor is 0.82 and for an inverter is 1 since it is completely stiff in the aspect of reflec-
tion [60]. The transmission coefficient

1+Γ= Z2 −Z1

Z1 +Z2
(2.20)
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Figure 2.6: The figure shows a voltage wave that is reflected at one side and continue travel
back a forth between two joints of different impedances.

which represent the amplitude or intensity that is being transmitted compared to the incom-
ing wave [55]. If the risetime is shorter than three times the propagation time of the cable
there will be reflections at the end of the cable, given there is an impedance mismatch [61].

2.5.1 Reflections

The aspects affecting reflected waves magnitude is [8]:

• Motor and cable surge impedance
• Cable length
• Magnitude of drive pulse

• Risetime of drive pulse
• Spacing of PWM pulses.
• Motor load

The phenomena of reflections in a transmission line cause overvoltages when the reflected
wave moves over the transmission line and interacts with another voltage potential, the next
PWM pulse for example [62]. An overvoltage is a voltage that is higher than the nominal
operating voltage of the system. The peak voltage at the machine terminal can be described
by

Vpeak =
(

3τ

tr
·KL +1

)
VDC , tr ≥ 3τ. (2.21)

This shows that the risetime of the PWM pulse needs to be greater than 3τ in order to avoid
voltage doubling [61].

A traveling wave is a function of the risetime of the voltage from the inverter and the length
of the cable [63]. The wave also travels with approximately half of the speed of light [63]. The
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speed of the traveling wave is a function of [52], [11]

vC = 1p
LC ·CC

(2.22)

where LC and CC are the distributed inductance and capacitance per unit length of the cable.
The time for the wave to travel over the cable is therefore [52]

ttr avel =
lC

vC
= lC ·

√
LC ·CC . (2.23)

It is possible to calculate the maximum allowed risetime of a pulse in order to keep it under
a certain overvoltage [4].

tr = 4∗ ttr avel

δVmax,p.u. +1
(2.24)

gives the maximum allowed risetime with reflection coefficients of 1, -1. However, for the
distances of interest and a state-of-the-art inverter with fast risetimes of the switches this
results in a relative large difference. The equation gives a result of approximately 3µs for a
100m cable, compared to ca 10-100ns risetimes of a state-of-the-art inverter [8].

2.5.2 Risetime

When the risetime, or the voltage step is increased the overvoltage increases. At a reflection
coefficient of Γ= 1 the voltage step plus the reflection voltage will be the voltage at the point
of reflection, in this case the generator terminal. This gives that a fast risetime have less time
to be damped [8].

2.5.3 Frequency

When the frequency is increased the number of pulses for a given time increases as well.
With pulses more often there is less time for each pulse to be damped out before the next
pulse arrives. This results in that a higher frequency will have higher overvoltage [8].

2.5.4 DC magnitude

The higher the voltage step the higher the voltage plus of the reflection will be. Given a
reflection coefficient of Γ = 1 the voltage at the generator terminal will be the double of the
DC magnitude [8].

2.5.5 Cable length or cable impedance

The length of the cable also affects the overvoltage up to a point. If the cable is very short,
negligible short then there will not be any overvoltages due to reflections. On the other side
the maximum overvoltage that the length of the cable can affect is up to two times the voltage
step, a voltage doubling. Every system has a critical cable length, a length of the cable where
the voltage gets doubled. It can be described through

lc = c ∗π∗ tr i se [m] (2.25)
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where c is the speed of light and tr i se is the risetime of the pulse [8]. This shows that the
critical cable length is dependent on other aspects of the system such as the risetime of the
PWM pulses. The total impedance of the cable depends on the cable length.

2.5.6 System resonance

The reflections propagating back and forth on the cable can be seen as a frequency that
resonates in the system. The sent input pulse at the inverter and the received pulse at the
generator terminal has some time delay. The generator terminal first receives the voltage
pulse which then is reflected back and forth and creates a new frequency in the system that
is dependent on the systems characteristics.

This phenomenon is then extended to higher frequencies as well. The interference with the
reflections and PWM pulses will, with the higher frequencies reflect several times and create
several higher frequencies in the same way. This can be seen in an FFT of the generator
terminals as strong peaks in 100kHz-MHz range, depending on the system characteristics as

fr e f lect i on = 1

ttr avel ∗4
. (2.26)

If the cable capacitance and inductance create a resonant circuit and overvoltages can be
generated in the system [11], [64], [4]. If there is a voltage gain at a certain frequency this am-
plification will also appear at generator terminal, where the resonant peak appears depends
on the components in the system [65]. The cable creates resonant peaks from the parasitic
components, when adding a transformer or filter that changes the systems impedance the
resonant frequencies change because they are dependent on the parameters of the system
[65].

2.6 Filter

In order to improve the power quality and protect the system from overvoltage stress and
ringing one can use different types of filters. Several different types of filters have been tested
by a number of researchers [16], [66]. However, they prove that it is difficult to address both
common mode and differential mode voltages with the same filter. Both in large systems
with several generators being active at once and for small plants with just one generator, fil-
ters are needed [67]. One thing to keep in mind when generating power is the phase shift
that comes with the introduction of filters [68]. In Fig. 2.7 an overview of the possible filters
of the system is shown.
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Figure 2.7: An overview of the filters that have been studied.

For a system with a PWM converter and a generator connected by a long cable a first order
shunt filter connected at the machine terminals have been successful [63], [69], [70]. RC
filters can be used at the motor terminal, this reduces the load impedance at high frequency.
When connecting an RC filter at the generator terminal the reflection coefficient is changed,
which by itself reduces the overvoltage through reflections. Another method is to connect
an LCR filter to the inverter output, which has been shown to reduce the voltage overshoot
by increasing the risetime of the pulse and filtering high frequency components [61]. When
a filter is implemented at the inverter terminal it lengthens the risetime of the pulse to lower
the voltage on the generator terminal [61]. The filters can be designed both on inverter side
and the motor side by using the transfer functions [69].

2.6.1 Filter design

Filter design is an important part of making the system behave as wanted. The placement of
the filter as well as the components and their parameters are all critical in order to mitigate
the overvoltage [11].

There are different kinds of filters that can affect different parts of the signals. A dV /d t filter
is made to increase the risetime of a voltage and smoothen out sharp edges in the waveform.
A dV /d t filter is used to reduce the magnitude of high frequency component in the system.
When designing the filter it is preferable to investigate the transfer function in order to get
the required values [61].

There is also another type of filter, a sine filter. Which is used to improve the shape of a cer-
tain frequency to reduce the THD of the signal and make it more sinusoidal. These types of
filters are used when there is a requirement on power quality, at a grid connection for exam-
ple.
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There are two categories, active and passive filters. Active filters use an active component,
such as an OP-amplifier or switches. These filters are commonly not used for filtering in
power generating units since they require power themselves [68]. The method of using ac-
tive filters in motor drives is rarely used since it has some more requirements compared to
passive filter, such as additional switches and complex algorithms [71]. They are also usually
more expensive [27].

Passive filters can be built in many different ways. Depending on the filter configuration and
the components used the filter will be effective against different aspects of the system. A
passive filter that is connected in series needs to be able to withstand all the current going
through the line. A shunt connected filter does not need the same requirement for current
and can therefore be smaller. There are common mode filters and differential mode filters,
and some that tries to mitigate both [66]. In order to mitigate the common mode voltage
some use the mutual inductance of the cables and others have tried other methods such as
reconnecting the y-connection of the filter with the inverter in different ways [66], [72], [73].

By connecting the three phases with a y-connection the differential mode voltage is affected.
With a designed filter with filter parameters in an appropriate range, the differential mode
voltage can be reduced to a desired limit.

In the system there exist both common mode and differential mode voltages. The common
mode voltage, that is the combined voltage of all the three phases can not be mitigated by
using common passive filters that are connected between the three phases.

2.6.2 Generator side filter

In this section filter design for filters placed at the generator terminal is presented.

2.6.2.1 RC filter

The RC filter have the purpose to match the impedance of the cable and the generator ter-
minal. According to (2.19) the impedances should be the same in order to avoid a reflected
voltage. This is solved by placing a module consisting of a resistor in series with a capacitor
in parallel with the motor which is seen in Fig. 2.8 [11]. One module is connected to each
phase and is Y-coupled between the phases. The resistance of the RC-filter is defined as

RRC = r eal (ZC ) (2.27)

where ZC is the impedance of the cable. The resistor is thereby matched with the resistance
of the cable and the reflection coefficient is reduced. The capacitance in the filter is added
to improve the damping of the voltage at the generator [63]. The capacitance is calculated as

CRC =
(−1) ·3 ·

(
lc ·

p
Lc ·Cc

)
2 ·ZC · l n(p)

(2.28)

where LC and CC is the inductance and capacitance of the cable and p is the remaining
part of the voltage that the filter should be designed for, p=0.8 in this case with 0.2 allowed
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overvoltage [12]. The capacitor creates a short circuit at higher frequencies gives that there
no impedance mismatch at the higher frequencies where the reflections are created due
to the resistor that is matched to the characteristic impedance of the cable [12]. The total
impedance of the filter therefore become

ZRC =
∣∣∣∣∣RRC + 1

j ·2 ·π · f ·CRC

∣∣∣∣∣ (2.29)

(a) RC filter (b) RLC filter

Figure 2.8: The figure shows the schematic of the RC and CRL filter, both are shunt connected
at the generator terminal to reduce the reflection.

2.6.2.2 RLC filter

The RLC-filter can be implemented at the generator terminal in order to also match the
impedance of the cable and the input impedance of the generator. The RLC filter is con-
structed as a capacitor in series with a parallel-connected inductance and resistor. That is
placed at the generator terminal to mitigate the reflections, the schematics can be seen in
Fig. 2.8(b) [11]. The components are designed with a set frequency tuning as follow, the
resistance of the filter is matched against the resistance of the cable as

RRLC = r eal (ZC ) (2.30)

where ZC is the impedance of the cable. The capacitive part of the filter

CRLC = 1

2 ·RRLC
· 1

2 ·π · ftuned
(2.31)

where ftuned is the tuned frequency for the filter [11]. The inductance is

LRLC = 1

CRLC
·
(

1

2 ·π · ftuned

)2

(2.32)
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The tuned frequency is calculated as

ftuned = 1

2 ·π ·pLRLC ·CRLC
(2.33)

2.6.3 Converter side filter

One can also place a filter at the inverter side in the configuration. By placing the filter on
the inverter side of the configuration the filter could be placed in a less exposed environment
like onshore or in a buoy. In order for the generator to operate on the rated torque the induc-
tance should no exceed 0.15p.u [65].

A passive filter designed for the inverter side which is less exposed compared to the generator
side can have the opportunity to have different topologies. With different types of connec-
tion or grounding the same passive, differential mode filter can affect the common mode
voltage as well. The common mode voltage can be reduced by connecting the y-connection
of the filter with a DC-voltage, ground or the DC-link of the inverter.

An LCR filter placed at the inverter side with the inductance in series with the transmission
cable and the capacitor with the resistance shunt connected increase the derivative of the
voltage step [65]. The values of the LCR-filter are calculated, where the resistor RLC R of the
filter is

RLC R = r eal (ZC ) (2.34)

where ZC is the impedance of the cable. RLC R is used to obtain the inductance

LLC R = RLC R · 2 · ttr avel · (ΓGen +1) ·ΓGen

∆Vmax +1+ (ΓGen −1) · (ΓGen +1)
(2.35)

where ∆Vmax is the maximum voltage deviation and ΓGen is the reflection coefficient at the
generator. The capacitance of the LCR-filter,

CLC R = 4 ·LLC R ·ζ2

R2
LC R

. (2.36)

where ζ is the damping ratio of the filter which represent how fast the oscillation is damped
and is a value between 0-2, where 0 represent no damping and 2 a major damping of the
signal [65].

2.6.3.1 Filter return-connected to DC-link

A common filter that is used in many commercial applications is an inverter LCR filter con-
nected in a y-connection that is left floating. The LCR filter is relatively cheap and simple,
however, it does not always give the desired result. This filter mitigates the differential mode
dV /d t to reduce the generator reflection phenomena. By connecting the floating point of
the capacitors of the LCR filter back through diodes to the + and -, of the DC-link the com-
mon mode voltage can be reduced as well [72]. This topology for the filter requires that the
capacitor branch is divided up into two parts with one connected to the +Vdc /2 and one to
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−Vdc /2 [15].

Another similar filter topology is having an LCR filter that is connected back to the neutral
point of the DC-link, the middle of the capacitors [72].

2.6.3.2 LCR Filter grounded

The y-connection of the filter, the point where the three phases are connected is a common
mode point of the system. By grounding this connection the common mode voltage will be
reduced through the filter as well as the differential mode filter. The LCR filter is designed
in the same way as the other converter side filters with the exception of the connection to
ground [4]. The LCR filter is a dV /d t filter and reduces the risetime of the pulses that passes
the filter.
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In order to understand the task the project started out with a literature study. Scientific lit-
erature such as books, articles and papers were read and analyzed. When sufficient knowl-
edge was gathered and the analytic modeling of the system and components took place. The
modeling started out with simplified versions of the components and was improved once
the system was modeled with all the components together.

3.1 Modeling

The analytic modeling started out with a simplified model of the system in LTspice. The
generator and the inverter were modeled as a voltage source and additional components in
LTspice. The cable was modeled as π-sections. The parameters for the π-section were calcu-
lated in Matlab from R,L and C of the cable.

3.1.1 Cable

From the IEEE standard 835 the cable thickness can be selected [44]. By using the current
flowing in the cable and the thermal conductivity as a reference one can use the tables from
the standard to find an acceptable cable thickness.

Development of the cable model has gone from using π-sections to investigating the fre-
quency content of the system to updating the cable model to be better suited for this project.
During simulations for high frequency content for the system it was noted that the previous
choice of having 10MHz as the upper frequency boundary for the simulations was necessary.

The case of 2.8kV generator is a very unusual case which means that there are no off the self
products for that specific case and therefore the cable was chosen as close to the applica-
tion as possible. The reference cable that was chosen was a 12kV cable. This cable is slightly
overdimensioned but gives the cable a longer life span, less water treeing and the cable is
available [7].

While modeling the transmission cable there are several models to choose from. In this
project the distributed π-model has been chosen because it includes a voltage drop over the
transmission line and represents a transmission line in transient simulations well enough to
see the phenomenon of reflections that is investigated. The model has been compared to the
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theory in transient simulations in LTspice. One can also see the difference that comes with a
larger number of π-sections. With an increase in the number of π-sections in the model the
range of frequencies that are well represented goes up. From an fast fourier transform FFT
of the different numbers of π-sections resonance spikes are clearly visible. The number of
those spikes goes up and the frequencies of where they appear goes up as well. Therefore the
number of π-sections chosen are such that the interesting frequencies are well represented.

In order to get a good enough model of the cable the equation (2.18) to calculate how many
π-sections the model needs have been used. To compliment this an FFT was investigated
from the simulaitons in LTspice. There it is possible to see that the resonant frequencies of
the cable model.

Losses is another thing that varies with the model being used. The dielectric loss is one of
those losses, however, it can be neglected for low voltages [74]. Therefore the dielectric loss
has been neglected in this project, conduction losses are represented in the resistive part of
the cable model.

Table 3.1: Parameters of the chosen 3.3/4.2 kV cable from Nexans

Operating voltage [kV] 12 3.3/4.2 0.6/1
Characteristics
Design features

Conductor material Aluminium Copper Copper
Insulation PEX Silicone rubber Polyethylene

Dimension features
Number of conductors 3 119x0.40 Not known
Conductor area [mm2] 25 16 50

Conductor diameter [mm] 5,9 5.55 8.2
Diameter across insulation [mm] 13.4 10.35 11

Insulation thickness [mm] 3.4
Electrical characteristics

Resistance [Ω/m] 1.2 1.240 0.40
Capacitance [µF /m] 0.2 Calculated Calculated
Inductance [mH/m] 0.39 Calculated 0.24

3.1.1.1 Example of π-section of cable

Choosing a cable with known R, L and C parameters and implementing that into theπ-model
is relatively simple. Using (2.6) to (2.18) the parameters for the π-model can be extracted
and implemented into a simulation, in Table 3.2 two examples of 100m and 500m cables
are presented for a voltage level of 2.8 kV . The hyperbolic correction is preformed at the
frequency ω which is the rated rpm of the generator [75].
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Table 3.2: The table shows two examples of the parameters for the π-model for up to 10MHz
for 100m and 500m at a voltage level of 2.8 kV .

Cable length 100 m 500 m
Rpi 1.926 mΩ 1.937 mΩ
Lpi 0.542 µ H 0.545 µ
Cpi 0.285 nF 0.286 nF

Number of π-section 72 358

3.1.1.2 Transient model for simulations

When building the model for transient simulations the common practice is to measure the
cables impedance and build the model from the results [76]. One method to model a cable
that includes high frequency parasitic effects is to measure the cable and then with trial and
error find the best match with the simulations [77]. While this method gives the best accu-
racy this have not been possible in this project.

In this project the cables have been assumed to be individually shielded. This means that
the high frequency components will not have connections between the phases but only to
ground. The shield losses are neglected and the shield can therefore be considered as ideal.

3.1.2 Generator

The selected generator for the project were modeled as common mode model since they had
the strongest correlation to the actual configuration of the generator of interest. This gener-
ator was not grounded at the neutral of the windings and therefore the common mode was
chosen. To model the generator as common mode the circuit consisted of a resistance, an
inductance, a capacitance and a back-EMF, the model also include the common mode resis-
tance Rm and capacitance Cm as can be seen in Fig. 3.1. For the three phase model the same
parameters was used and the model can be seen in Fig. 3.2.

The modeling of the PMSG needs to be accurate for a relatively large frequency spectrum,
including high frequencies since transients are in effect on the system. Therefore a multiple
section lumped parameter model is suited [61]. This model is accurate for a wide range of
frequencies. In the three phase case each of the three phases are identical and consists of
three resistances, an inductor and a capacitor in parallel [78], [79]. During the modelling the
resistances and the impedances will be approximated to a fixed value. To find these parame-
ters the literature shows that measuring on the generator in every project is needed because
of the differences in parasitic parameters in every machine. Since this project does not have
that kind of resources instead one can use a simpler model to get a better match with the
generator in this project [23].

The resistance Rs and the inductance Ls is the resistance and inductance of each stator phase
winding of the generator. The stator inductance Ls is an average value of Ld and Lq which
depends on how the generator is built. If the generator is salient Ld and Lq are equal and
if it is non-salient Ld and Lq are different. The capacitance Cs is the parasitic capacitance
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between the turns of the winding in each phase. The parasitic capacitance was chosen to
1.1nF for both the 400 V and 2800 V generators since it could not be determined for the
specific generators since there were no generators to measure on.

Figure 3.1: The circuit diagram of the generator for one phase

Between the windings and motor frame there is a space which is insulated, the space is mod-
eled with a parasitic capacitance Cm and a resistance Rm in parallel. The value of parasitic
capacitance Cs and Cm are based from the literature and the resistance Rm is chosen as a
similar value , these and all the parameters for the generator can been seen in Table 3.3 [14].

Figure 3.2: The circuit diagram for all three phases of the generator
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Table 3.3: Parameters of the two different generators, 400V and 2.8kV

Nominal line voltage [kV ] 2.8 0.4
Generator type PMSG PMSG

Number of poles 12 4
Nominal S [kV A] 60 60
Nominal P [kW ] 52.28 50

Nominal speed [r pm] 4000 1500
Nominal torque [N m] 119.4 319

No load EMF line-to-line rms [kV ] 2.28 0.425
Stator resistance Rs [Ω] 1.3235 0.005

Stator inductance Ld [mH ] 12.91 0.112
Stator inductance Lq [mH ] 35.82 0.112
Stator inductance Ls [mH ] 24.36 0.112

Chosen parameters for model
Parasitic capacitance Cs [nF ] 1.1 1.1

Common mode parasitic Cm [nF ] 7.7 7.7
Common mode parasitic Rm [Ω] 1e6 1e6

The high frequency components are usually obtained by measurements on a suitable gener-
ator, this was unfortunately not possible during this Master’s Thesis. This is preferable since
major part of the high frequency components depends on how the generator is built, size,
dimensions, windings and the insulation. A more accurate procedure to obtain the parame-
ters of the generator would have been to use an RLC meter to measure on a specific generator
and see how the generator would behave in the frequency spectra of interest and then apply
that to the model. This would have increased the accuracy of the simulations and the results.

3.1.3 Inverter model

In order to obtain a realistic model of the inverter, the PWM signal from the inverter was in
focus in the project. This, since the inverter have several parameters that strongly affects the
overvoltages at the generator. Therefore changing these parameters in the system have been
one of the main focuses. This in order to obtain understanding of correlations between the
overvoltage and the inverter parameters.

There are in power electronics a few different technologies for controlling the switches. De-
pending on what voltage and power levels needed some of these types of switches are better
suited. In a power production application with the voltage and power level such as in this
project the IGBT technology is the industry standard. For the selection of the IGBT, investi-
gations in the literature has been performed as well as searching for available products on
the market. The chosen inverter was selected from an available product from Infineon and
the chosen IGBT was a switch which had a rated voltage of 1700V and 100A [80]. The rated
risetime of the chosen IGBT is 50ns, this risetime is only valid in labratory enviroments and
therefore this fast risetime is not used.

For IGBTs the risetimes are usually around 10ths of ns therefore are there simulation with
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risetimes down to 10ns in the project [8]. The risetime was in the earlier parts of the study
swept over a large range, larger than any reasonable risetime for a state-of-the-art inverter,
and also faster than an inverter for this specification would be. This to see how the risetime
affects the voltage of the system. Depending on the specifications and the material of the
switches the risetime can be near 50kV /µs. Therefore a more realistic case were simulated
with a d v/d t of 50kv/µs, which means that the risetime of the switch have a risetime of
100ns for a DC-link voltage of 5kV [81]. These specifications for the IGBT were further on
used in the project for the three phase, multilevel and filter simulations and are concluded
in Tab. 3.4.

Table 3.4: The table shows the specifications of the chosen IGBT switch.

IGBT switch
Voltage 1700 V
Current 100 A
Risetime 100 ns

Another part of the inverter model to be selected was the topology. To be able to investigate
the impact the topology have on the generator voltage, three different topologies were inter-
esting, 2-level, 3-level and 5-level inverters. To get an understanding of how the magnitude
of the voltage affected the overvoltage the 2-level inverter was first to be implemented and
the topology can be seen in Fig. 3.3. In the 2 level inverter the voltage applied over each
switch is VDC , this creates a very high voltage over each switch. The switch therefore consists
of several switches in series where the number of switches are calculated by

Number of switches = Applied voltage+20%

Rated voltage of switch
(3.1)

where the number of switches connected in series for this case is four to withstand the volt-
age (3.1). This due to the DC-link voltage is 5000V and the rated voltage of the switch is
1700V. This set up can also be seen in Fig. 3.3 of the 2 level inverter. These switches are
assumed to switch simultaneously and therefore the rated risetime of the chosen IGBT will
apply and create a pulse that have a d v/d t of 50kV /µs.
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Figure 3.3: Inverter topology for the 2 level switch, where each switch consist of 4 switches to
be able to handle the voltage level over the switch. The three switches are assumed to switch
simultaneously.

When applying the 3 level topology the voltage applied over the switch is lower. Since the
voltage over the switch is lower, the number of switches to withstand the the voltage is two,
this can be seen in Fig. 3.4. These switches also switch simultaneously and therefore the
rated risetime of the switch create a lower d v/d t of the pulse since the applied voltage is
lower. This means that when the lower voltage is applied over the two switches the d v/d t of
the pulse become lower than the for the 2-level topology, this can be seen in Fig. 3.6.

Figure 3.4: The figure shows the inverter topology for the 3 level inverter. Each switch in this
case consist of two switches to be able to handle the voltage over the switch.
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When the number of levels are increased further to 5-level, the voltage applied over the
switch become even lower. From the same principle as in the 3-level case the d v/d t de-
crease even more. This configuration is more complicated to control due to the large number
of switches.

Figure 3.5: The figure shows the inverter topology for the 5 level inverter. Where the voltage
over each switch is low enough to be handled by one switch. The 5 level inverter reduce the
amplitude of the pulses and thereby the dv/dt of the voltage.

Figure 3.6: The figure shows how the risetime is kept constant for each level of the inverters
while the applied voltage is reduced and thereby lower the dv/dt of the pulse.
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From the parameters of the inverters in a reflection coefficient calculation it can be noticed
that the low values will result in a very low reflection coefficient, approximately -1. This is
because the switches can be seen as stiff in this scenario. The switches have low parasitic
parameters and in the model of the cable the cable parameters are significantly higher, re-
sulting in that the small values of the inverter can be neglected.

3.1.4 PWM generation

When the reference wave is larger than the carry wave the output of the converter legs should
be positive. When the reference is smaller than the carry wave the output of the converter
legs are negative [38].

The inverter that has been used is a bipolar inverter with IGBT switches that are controlled to
switch a PWM pattern to control the generator. To model the switching the inverter has been
kept to the simplest model possible, the waveforms are generated in Matlab with a specific
risetime and switching frequency and exported as a .txt-file. The .txt-file was then imported
into LTspice to a voltage source and sent on to the cable. The switching used in this project
has been implemented without zero sequence injection.

The PWM signal for the simulations is generated in Matlab and has been created by compar-
ing a carrier waveform as a sawtooth waveform with a set switching frequency to a sinusoidal
waveform with a frequency of 50 H z as the reference. The frequency of the sawtooth wave-
form and therefore also the switching frequency was 8 kHz because this is a value that is close
to what commercial inverters use today. The switching frequency form 500 H z to 5000 H z
have also been studied to achieve knowledge and show the relationship between overvoltage
and the switching frequency.

The voltage amplitude is chosen depending on which system is being simulated. For the
low voltage case the max voltage is +400 VDC and the min voltage is -400 VDC . For the case
with a voltage of 2800 VRMS the voltage at the DC-link was set to +2500 VDC and -2500 VDC .
This represent the DC-link voltage of which the inverter switches. The DC-voltage has a high
enough voltage to have a buffer in the voltage for the amplitude modulation ma to be set to
a lower value than 1.

3.1.5 The filters

The filters treated and simulated have been the ones that were found in the literature to have
the lowest losses and the best overvoltage mitigation in comparable systems. Since the cable
model was assumed to have the phase conductors separately shielded the use of compo-
nents such as mutual inductance transformer have not been used.

Because of the background and the concept of the Deepgreen technology which was the
intended target for the study the most interesting filter was one where it is located at the
inverter side. The filter that through literature study was found to be the most effective to
compensate differential mode voltages was the LCR filter at the inverter side, therefore the
study is made on this filter [4], [11]. Different filter topologies that have shown the most
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interesting solutions have been tested and compared in simulations, the schematics of the
different filter configuration can be seen in Fig. 3.7.

(a) LCR floating (b) LCR ground

(c) DC-link clamped (d) Diode clamped

Figure 3.7: Filter topologies for inverter side LCR filter

3.2 Simulations

The simulations in this project were performed using the program LTspice with a transient
analysis mode. LTspice is a relatively simple program for the types of simulations used in
this project. It does however require quite much to run the simulations such as computing
power, hard drive storage and time. Since the interesting point of the project is overvoltages
and high frequency content in form of harmonics and reflections the transient analysis tool
that LTspice can produce is suited to be the simulation software [82].

The number of π-sections that the cable is modeled with is important, as the theory sug-
gest. In Fig. 3.8 this can be seen. By building 100 π-sections and distributing the parameter
values, the resulting waveform at the generator terminal changes drastically. Even though
the rest of the simulation is exactly the same the overvoltages at the generator terminal is
about one third with the 100 π-section simulation compared to the 4 π-section simulation.
This happens because with more π-sections higher frequencies are more accurately shown.
In Fig. 3.8 the difference of the two cases can be seen. When the high frequencies are rep-
resented the simulation becomes more accurate. The addition of the voltages is present in
both cases, but when the high frequencies are well represented they add together to form a
more accurate representation of the voltage.
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Figure 3.8: 4 π-sections vs 100 π-sections zoomed in on one switch. It can be seen that the
simulation with 72 π-sections have a higher bandwidth and will therefore be more accurate.

3.2.1 Simulation circuits

In order to get the simulations comprehensible the first simulations were simplified one
phase models with a bipolar PWM inverter switching method. The voltage of the system
were phase voltage to ground. The DC-link voltage or the voltages of the hypothetical in-
verter before the simulation is considered in this first case to be +DC/2 and -DC/2, more
specifically in the lower voltage case +400VDC and -400VDC . In the medium voltage case
the line-to-line voltage was considered to be 2800VRMS . That correlates to +2500VDC and
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-2500VDC on the DC link of the inverter. In the three phase case the same system was used
in order to keep the results as close to the different cases as possible. In the three phase case
the phase voltages have the same exact waveform with the exception of being 120deg phase
shifted to each other.
In a three phase transmission system the cables are in close proximity of each other and
will interact with each other, this is called mutual characteristics. The inductance and the
capacitance affects each other and change the characteristics of the cable. However, if the
conductors are screened and grounded individually or have a sufficient distance from each
other the mutual impedance will be very small or negligible. Since the phases are screened
the mutual impedances between the conductors have been assumed to be negligible. The
cables have a capacitive connection to ground and a self inductance as parasitic component.

Figure 3.9: Schematic of the three phase system from the Simulation.

Therefore is the 3-phase model an extension of the one phase model. For the three phase
system the model was the same as the one phase system. Since the three phases are identical
the one phase model was extended to be three separate ones connected in a y-connection
behind the generator windings and the emf, as can be seen in Fig. 3.9. The generator is
assumed to be built as common mode connected. That is the reason for the common mode
parameters between the neutral point and ground. The parameters are strongly dependent
on the geometry of the generator and have therefore been chosen to be example values that
were found in literature [14].
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3.3 Validation of model through simulations

The cable model that is used in this project can be used for various situations. It is well suited
for projects with a frequency range up to 10MHz. The moreπ-sections there are in the model
the higher the frequency content it can handle. While performing the simulations the model
that have been used is proportional dependent on the length of the cable.

In order to get a 3 phase simulation with high accuracy the 500m model was used and ex-
tended to three phases, connected to the generator in y-connection. The cable model is
constructed in the same way for different cables but the values depends on the the parame-
ters of the cable. However, when including the mutual impedances, the time and size of the
simulation becomes too large for the hard drive which results in a limitation in the projects
scope.

3.3.1 Bandwidth

Bandwidth is depending on the risetime. This also correlates on how many π-sections that
is used. With a faster risetime there is an estimate proportional increase in the frequency
content as well. Therefore the expected range of the frequency content for a switch with a
risetime of 10s of nanoseconds would be about 10MHz can as a rule of thumb be calculated
from (3.2). Therefore an accuracy of up to 10MHz for the cable model was implemented and
verified through FFTs

Bandwidth [Hz] = 0.35

risetime [s]
. (3.2)

3.3.2 Wave propagation

When the PWM waves are sent through the cable the waves are reflected at the generator
side, travel back on the cable and then reflected back again at the inverter. The speed of the
travelling wave through the cable depends on the material which the cable made of. The
velocity was calculated according to (2.22) for the two cables that was used in the project,
the 3.3/4.2 kV cable, which is shown in Table 3.5.

Table 3.5: The table shows the velocity of the wave in the cable and the calculated and simu-
lated time it takes for the wave to travel over the cable.

Cable type Velocity [km/s] Calculated time [µs] Simulated time [µs]
2800V XLPE 1.12e5 0.894 0.894

To show that the calculated time match the simulated time for the propagating wave, mea-
surements of the time were made in the graphs from the simulations. From Fig. 3.10 it can
be seen that when the PWM switch from positive to negative the generator terminal respond
after 0.89 µs, this is approximately the same time it takes for the wave to propagate over the
cable which was calculated for the 2.8kV cable. This means that when the the inverter switch
the wave start to propagate over the cable and reach the generator terminal after 0.89 µs.
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The wave is there reflected back to the inverter and at the inverter back again to the genera-
tor terminal. This is why the voltage increase again after 3.58 µs which is 2x the time it takes
for the wave to travel back and forth over the cable which can be seen in Fig. 3.10.

Figure 3.10: Reflection of one pulse being sent towards the generator over a long transmission
cable rated for 3.3/4.2 kV . The figure shows the time it takes for the wave to reach the other
side of the cable and the time it takes for the wave to be reflected propagate back and forth
and return to the generator.

3.3.3 Accuracy of LTspice

When simulating with LTspice there are a few criteria that needs to be fulfilled to get the de-
sired result that can be analyzed. One of these is the sampling time of the simulation. If the
sampling time is too long the results of the simulation will not include the high frequency
components that are interesting here. By either setting the sampling time in LTspice or hav-
ing a thorough input waveform this has be achieved.

When using LTspice for simulations it is important to know that there are limitations to the
software. Since the simulations for this project investigates high frequency content there is
a high demand on the sampling time. One thing to do to increase to accuracy of the LTspice
simulations is to increase the number of time steps used in the simulation. By increasing the
number of timesteps in the PWM the accuracy of the simulation increase. With this increase
in accuracy the time that is required to perform the simulations increase as well.

In the simulations the voltage at the inverters three phases are set as definite voltages. The
voltage source in LTspice creates the voltage and sets the voltage to the value given. Since
the voltage source is grounded in one end the voltage in the other will be what the voltage
source is set to and will not be affected by the rest of the system. That is why the voltage at
the inverter is ideal.
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In this chapter the results from the study are presented and analyzed. First the systems char-
acteristics and behaviours are presented and then a realistic case is used for reference and
overvoltage mitigation through filtering.

4.1 Overvoltage dependancy

In LTspice the effect of the risetime of the PWM pulse, the length of the cable and the switch-
ing frequnecy were investigated to see how the voltage at the generator behaved when sweep-
ing the three parameters. These tests were done with a one phase model connected to a
common mode modeled generator.

4.1.1 Risetime and cable length

The setup in these simulations was a single phase model where the the number ofπ-sections
is determined according to (2.18) for each length for each case and to have the 10MHz fre-
quency range. The parameter values used for the cable and generator can be found in Tables
3.1 and 3.3. The generator is seen as being in no-load mode and the EMF has zero phase shift
compared to the respective PWM signal from the inverter. The voltage on the generator ter-
minal for one phase is presented with the risetime of the PWM pulses of the inverter signal.
The simulations have been performed with different risetimes, the maximum absolute value
of the voltage of the simulations have been plotted together with its respective risetime. It
can be seen in Fig. 4.1 and Fig. 4.2 that the characteristics of 2800 V and 400 V are about the
same for the parameter that is swept. The voltage has, as can be seen in Fig 4.1(b) a fast rise
in the overvoltage when reflections start to occur. The effect will saturate when the reisetime
has become fast enough for the system, which can be seen in Fig 4.1(a).
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Figure 4.1: In Figure (a) voltage dependency on dv/dt is shown and in (b) a zoomed part of
the graph is shown.
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Figure 4.2: In (a) voltage dependency on dv/dt is shown and in Figure (b) a zoomed part of
the graph is shown.

From Fig. 4.3 it can be seen that the voltage at the generator terminal is increasing at first
with an increasing length of the cable but when the cable become longer the voltage de-
crease instead. This depends on the increasing impedance of the cable and therefore more
damping, since the cable gets longer the total impedance of the cable is increased, which
also means that the reflection coefficient from (2.19) will decrease. The decreased reflection
coefficient results in on lower overvoltages on the generator terminal.
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Figure 4.3: Voltage depending on cable length is shown for 400V (a) and 2800V in (b).

From the results of the simulations the correlation between the length of the transmission
line and the d v/d t of the PWM pulse can be seen. If the system has a longer cable the over-
voltage becomes significant for d v/d t that are larger than for the short cables. This corre-
lates with the theory. By using a longer transmission cable or a faster d v/d t the overvoltage
at the generator terminal is expected to be more problematic.

4.1.2 Frequency dependency

The switching frequency is another parameter that that can cause the voltage to increase,
when the voltage pulses occurs shortly after each other. Before the first pulse have time to get
damped down the new one adds its voltage to the existing and the total voltage is increased,
this can be seen in Fig. 4.4. When short pulses do not have time enough to be damped
in amplitude because of a high reflection coefficient the next pulse will have its amplitude
added to the already existing voltage on the transmission line. This phenomenon has most
impact where PWM has the highest and lowest duty cycles. When one long positive pulse is
followed by one fast negative, or vice versa.
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Figure 4.4: Voltage pulses interfering with each other and thereby creating a higher voltage.
The red curve is the PWM of the input voltage with a decreasing space of the negative part
of the pulse. The blue curve is the voltage at the generator terminal which is increased when
the pulses becomes shorter.

With an increase in frequency the overvoltage becomes more significant, this can be seen in
Fig 4.5 which shows the relationship of the frequency and voltage at the generator terminal.
This concur with the theory described earlier. In the case of the system having very fast
damping the overvoltages might not overlap at all, resulting in the same overvoltage at every
switch.
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Figure 4.5: Voltage compared to the switching frequency, which shows that the voltage in-
crease almost linear to the increasing frequency.
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4.1.3 Damping of the overvoltage

A faster risetime means that the damping of the overvoltage through reflections takes more
time, as Fig 4.6 shows. An increase in time required for the voltage to return to normal is
problematic. The longer time the insulation is exposed to overvoltages the earlier the insu-
lation is worn out. Another part is the possibility for wave interference. This means that the
magnitude of two, or more electromagnetic waves overlap and the voltage can become very
high.

(a) For 1.5kV /us the time is takes for the voltage to be damped to
50 % of the reflected voltage is 224 µs.

(b) For 10kV /us the time for the voltage to be damped to 50 % of
the reflected voltage is 391µs.

Figure 4.6: The figures shows the voltage at the generator terminal due to reflections. It can
be seen that if the d v/d t is larger it also takes longer time for the reflections to be damped.
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4.2 Multilevel PWM for 1-phase simulations

It was investigated how the number of voltage levels in the PWM affected the voltage at the
generator. The voltage was drastically reduced by the increase in number of levels in the
PWM. In Table 4.1 the maximum voltage in the different levels can be observed. The maxi-
mum value of the voltage is shown as an absolute value. The 1-phase situation was used as a
reference case to see what the worst case scenario looks like. The risetime was chosen from
a datasheet of an available IGBT product [80] and therefore the d v/d t is high.

The cable is 100m long and the model has the upper limit on the frequency of 10MHz, which
results in a cable model of 72 π-section from (2.18). The generator model is the one from Fig.
3.1 with parameters for the 2.8kV from Table 3.3. 500 kV /µs is the result of an ideal case with
risetimes from a lab environment for an IGBT module together with the desired voltage level
for the system and the assumption that is described by Fig. 3.6 [80].

Table 4.1: Difference in voltage between 2, 3 and 5 level PWM on a 1 phase system with a
cable length of 100m.

Number of voltage levels Maximum phase voltage [kV ] dV /d t [ kV
µs ]

2 level 31.8 500
3 level 18.6 250
5 level 10.3 125

The multilevel converter topology reduces the overvoltage, as expected. The result shows
that the theory holds and that a multilevel converter will by itself reduce the overvoltages.
The voltages at the generator terminals are still too high and can not be seen as successful.
The voltage overshoot is too large for the components to withstand and would result in a
reduced lifetime.

4.3 3-phase simulations

In the 3-phase model the one phase model has been the base of the structure. The simula-
tions show, Table 4.1, that the phases behave in a similar way in three phase and in one phase.
The notable difference in three and one phase cases is the possibility to analyze the line to
line voltage. Since the power plant does not have an easy connection to ground or neutral
the simplest way of dealing with and analyze the system is through the line to line voltage.
This is also the most destructive, because it is higher than any other voltage reference.
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Table 4.2: Difference in voltage between 2, 3 and 5 level PWM on a 3 phase system rated for
2800 VRMS with a cable length of 100m and 72 π-sections.

Number of
voltage levels

Maximum phase
voltage [kV ]

Maximum line to
line voltage [kV ] dV/dt [ kV

µs ]

2 level 35.27 50.81 500
3 level 18.98 21.35 250
5 level 10.05 14.22 125

For the three phase cases the voltage levels are similar in the phase to ground voltage com-
pared to the one phase cases. The line to line voltage on the other hand is too large. This is
due to the fact that phase a and phase b has overvoltages with opposite polarities at some in-
stances and thereby the voltage can become increased when measuring between the phases.
A voltage with this magnitude for a system designed for 2800VR MS would most likely break
down or have a severe reduction in expected lifetime. The case is a worst case scenario with
ideal components which is why the result are not limited.

Figure 4.7: 3-phase simulation for 2-level PWM.

The waveforms are quite distorted as can be seen in Fig. 4.7 due to the reflections being
present, as described in the theory. The neutral point of the generator does not have zero
voltage. This voltage is the common mode voltage and changes significantly in a 3-phase
system that does not have balanced sinusoidal voltages, as described by (2.3). The high volt-
ages that are shown in Fig. 4.7 needs to be mitigated.
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4.3.1 FFT analysis

The different frequency components that exist in the system can be analyzed with an FFT.
The FFT shows the magnitude of each frequency that is present is the system. The frequen-
cies with high energy content in this system show a high magnitude in the plot. The fre-
quency with the highest magnitude should be the fundamental frequency, which can be
found in zone 1 in Fig 4.8. Depending on how much disturbances there is in the system
the more peaks there are at other frequencies than the fundamental. The PWM signal has a
switching frequency that can be seen in Fig. 4.8 in zone 2, as the first peak after the funda-
mental frequency. After the switching frequency there are several smaller peaks. These are
multiples of the switching frequency and has a lower magnitude at the higher frequencies. In
Fig 4.8 zone 2,these harmonics are the last of the high frequency components in the voltage.
In comparison, Fig 4.8 shows all the frequencies that the entire system has. In zone 3,the
reflection frequency is present which is the frequency that comes from the reflected pulses
traveling back and forth on the cable. This frequency needs to be filtered in order to mitigate
the overvoltage. The reflection frequency can be described by (2.26) which means that the
time it takes for a pulse to travel across the transmission line back and forth will result in a
high frequency component in the system. This frequency 270kHz can be seen in Fig 4.8 in
zone 3.

The difference between 2- 3- and 5-level PWM can also be seen in Fig 4.8. For the 5-level case
4.8(c) one can see that components around 8KHz is smaller than for the 2-level case, 4.8(a).
This is due to the waveform being closer to the 50Hz sine that is the target.

From this it is possible to see what frequencies there are that needs to be filtered out. The
reason that the magnitude spike is wide around the fundamental frequency of 50Hz and not
thinner is because the simulation time has to be short because the computer runs out of
space. If the simulation time were longer the spike at 50 Hz would just show 50 Hz and not
anything around the frequencies close it. The switching frequency of 8kHz for three phases
system reduced to 0 in the line-to-line voltage because of the symmetry of the three phases
switching.

All the frequencies except for the fundamental gives rise to overvoltages. The reason there
is overvoltages in the system is due to the fact that there are several voltages with relatively
high magnitudes present. When voltages interact with each other they get layered on top
of each other. If the different voltages pulses have a peak at the same time the voltage will
superpose, the combined voltage at that given time has the highest voltage that the system
experiences.
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(a) FFT of the line to line voltage of the 3 phase with a 2 level inverter

(b) FFT of the line to line voltage of the 3 phase with a 3 level inverter

(c) FFT of the line to line voltage of the 3 phase with a 5 level inverter

Figure 4.8: FFT for the 3 phase cases with 500kV /µs for different topologies for the inverter.
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4.4 A more realistic case

For these simulations, the risetime of the PWM pulse was lowered to values that are within
the reach of researchers estimates on what SiC-MOSFETS will be able to handle in the near
future, which is 50 kV /µs [81]. The same estimation, that the switches can be series con-
nected and controlled at the exact same time was done also here as described in Fig. 3.6.
The voltages for the generator with different PWMs is shown in Tab. 4.3.

Table 4.3: Difference in voltage between 2-, 3- and 5 level PWM for inverters with the same
DC-link voltage of 5kV . The simulations are made on a 3 phase system, 100m cable, 72 π-
sections and the generator rated for 2.8kV .

Number of
voltage levels

Maximum line to
line voltage [kV ]

Maximum neutral to
ground voltage [kV ] dV/dt [ kV

µs ]

2 level 43.26 11.79 50
3 level 23.77 4.51 25
5 level 13.57 4.22 12.5

Table 4.3 shows that there still are unacceptably high voltages at the generator. The line-to-
line voltages are lower than for the case with an ideally fast risetime. However, as explained
in the theory it will not be significantly lower. What is needed is to implement a filter that
can filter out the high frequency components and thereby remove the overvoltage.

4.4.1 Filter design and implementation

When implementing filters to the circuit that has been simulated earlier, the behaviour of
the system changes. The result of introducing filters is that the high frequency components
are significantly affected. The filter that is applied here is an LCR-filter which is connected to
the inverter side of the system. By using (2.34) to (2.36) and the system parameters, the filter
parameters can be found to be

RLC R = 95.3Ω

LLC R = 0.292mH

CLC R = 270nF.

When implementing the filter at the inverter side, the risetime of the input voltage to the
cable is greatly increased and therefore the d v/d t of the PWM pulses is decreased. The high
frequencies are filtered out and this can be seen in Fig. 4.9 where the d v/d t of the voltage
after the filter is not as sharp as the bottom curve which is the input voltage from the inverter.
When the high frequencies are filtered out and the risetime becomes longer, the voltage at
the generator terminal decrease greatly compared to without filter. The reduction in voltage
on the generator terminal depends on the longer risetime which reduce the reflection at the
motor terminal, as was shown in Fig. 4.1 and is also shown in Fig 4.9. It can be noticed from
Fig. 4.9 that when the risetime is long enough the reflection is below twice the pulse magni-
tude, as described by (2.25).
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Figure 4.9: Waveform of the voltage with filter implemented. The red curve at the bottom
is the voltage from the inverter, blue waveform is the voltage after the filter and the top red
curve is the generator terminal voltage.

It can be seen from Table 4.4 to 4.6 that with the same LCR filter the VLL at the generator
terminal is the same for different filter topologies. For the three different PWMs the filter
topology with a grounded capacitor point has the overall best result when it comes to the
common mode voltage. The diode clamped have a better result for 3-level PWM but higher
common mode voltage in the other cases.

By looking at Tables 4.4 to 4.6 it can be seen that the line-to-line voltage is reduced with an
increase in converter levels, which is expected. It can also be seen that with a 5-level con-
verter the filter is not as needed as it is for 2-level, which suggest that a smaller filter can be
used for a 5-level converter than for a 2-level.

The neutral to ground voltage shows the same behaviour with in general, a lower voltage
for higher converter levels. However, depending on how the y-connection of the filters is
connected the voltage varies quite a lot. This is due to the lack of mutual impedance con-
nection between the phases and the voltage difference created by the PWM pulses. This
voltage is described in (2.3), having differences in the common mode voltage depending on
the y-connection of the filters is expected since the LCR filter is more effective for the differ-
ential mode filter, as (2.2) describes. The common mode voltage can be improved, by using
this method, by further increasing the LCR-filter to the point where the signal becomes com-
pletely sinusoidal, however that would make the filter unreasonably large.
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Table 4.4: Difference in voltage between implementation of different filters, 2-level PWM,
100ns risetime, 2.8kV LL, damping ratio of 1.45.

Filter type
Maximum line to
line voltage [kV]

Maximum neutral to
ground voltage [kV]

No filter 43.26 11.79
LCR floating 6.19 9.23

LCR grounded 6.19 8.81
LCR diode clamped 6.19 8.60

LCR DC-link clamped 6.19 8.81

Table 4.5: Difference in voltage between implementation of different filters, 3-level PWM,
100ns risetime 2.8kV LL, damping ratio of 1.45.

Filter type
Maximum line to
line voltage [kV]

Maximum neutral to
ground voltage [kV]

No filter 21.52 4.52
LCR floating 5.56 5.77

LCR grounded 5.56 3.91
LCR diode clamped 5.56 4.16

LCR DC-link clamped 5.56 3.92

Table 4.6: Difference in voltage between implementation of different filters, 5-level PWM,
100ns risetime 2.8kV LL, damping ratio of 1.45.

Filter type
Maximum line to
line voltage [kV]

Maximum neutral to
ground voltage [kV]

No filter 13.57 4.22
LCR floating 5.29 4.44

LCR grounded 5.29 4.33
LCR diode clamped 5.29 4.44

LCR DC-link clamped 5.29 4.33

The resulting waveform after the implementation of a 5-level converter and a grounded LCR-
filter can be seen in Fig. 4.10. The line-to-line voltage at the generator terminal is after the
implementations greatly improved. The voltage does not show any overvoltages due to re-
flections above the set level to 20% and is thereby regarded as an acceptable voltage accord-
ing to this project description. The neutral voltage is improved as well.
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Figure 4.10: Waveform of the voltage for the realistic case after 5-level converter and the filter
have been implemented

4.4.2 FFT analysis

With the introduction of filters it is clear that the voltage is improved. The overvoltage can
be limited to acceptable values by only an LCR filter at the inverter side of the system. As
can be seen in the FFTs the reflection frequencies have been eliminated from the system and
the switching frequency multiples are reduced. The high frequency content is mitigated by
the filter as can be seen in Fig. 4.11, it shows that the reflection frequency is very high when
no filter is implemented. When implementing a filter and reducing the dV /d t the reflection
frequency of about 270kHz, as described in the theory, is completely mitigated.
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(a) FFT of the realistic case without filter.
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(b) FFT of the line-line voltage of the realistic case with filter implemented.

Figure 4.11: The Figure shows 5-level PWM with a dv/dt of 12.5kv/µs

4.4.3 Reducing filter size

To maintain the voltage limit at the generator terminal at 20% of the DC-link when the volt-
age levels are increased the capacitance of the filter is changed. A lower value can be chosen
since the inverter topology and thereby the dV /d t of the pulses have changed. However, the
two level converter still has a too high neutral voltage. This is shown in table 4.7. Thus, when
using an inverter topology with a higher number of levels the neutral voltage is decreased
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and the filter size can be reduced.

The LCR-filter parameters can be changed to get a different characteristic from the filter. By
changing the capacitance, which the filter design method can through the damping constant
from (2.36), the overvoltage can be tuned to a specific voltage. The frequency content can
be tuned so that the capacitor removes the high frequency content and thereby lowers the
overvoltage.

Table 4.7: New values of the capacitor to keep overvoltages at 20% of the DC-link. The in-
ductance and resistance are kept constant. The simulation is for a cable of 100m and 5-level
PWM with 100ns risetime and 2.8kV line-line.

Inverter Capacitance Voltage line to line [kV] Damping ratio = ζ
Neutral

voltage [kV]

2-level 440nF 6.0 1.85 8.5
3-level 93nF 6.0 0.85 4.2
5-level 32nF 5.9 0.5 4.5

When reducing the inductance of the filter there is a large required change needed for the
capacitor in order to keep the voltage within the same levels. By increasing the inductor to
a larger one the risetime is reduced and also the overvoltage. This is also shown in table 4.8.
With a reduction of the inductance of 20% the capacitance needs to be changed from 440nF
to 1F. This shows that the inductance is more important to keep at the designed value for this
kind of LCR filter.

Table 4.8: The tables shows how the value of the capacitance in the filter need to be adjusted
when the inductance is reduced while keeping voltage level below 6kV line-to-line.

Percent of inductance Capacitance
Inductance 100% 440 nF
Inductance 80% 1 F

With a higher resistance less current will go through the shunt connected part of the filter
and thereby less of the high frequencies will be filtered out. There is a shift in the content
of the switching harmonics. The results of changing the resistance of the LCR-filter is pre-
sented in Table 4.9. It can be seen that by deviating the resistance of the filter from the cable
impedance the overvoltage increases. Therefore, the most successful filter have a resistance
that match the impedance of the cable in this case 95.3Ω.

Table 4.9: Reduction of resistance while keeping line-to-line voltage below 6kV

Parameters Voltage line-to-line [kV]
Resistance 100% (95.3 ohm) 6kV

Resistance 300% 9.4kV
Resistance 10% 9.5 kV
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5.1 Findings

From the results it is possible to see that using a higher level PWM switching method will
reduce the overvoltages on the generator when being controlled over a long transmission
cable. It is quite clear that an implementation of a 5-level inverter has less problems with
the voltage compared to a 2-level inverter. By increasing the number of voltage levels in the
PWM the differential mode voltage is significantly reduced. From 2-level to 3-level the volt-
age step is reduced by half and it results in the opportunity of using a smaller filter, which can
be extended to 5-level as well. However, it should be noted that these results are exaggerated
compared to a real life situation with no experiments to back up the results, and should be
recognized as such.

When having an offshore power plant having large components are unwanted. The location
of the components make a large impact on the complexity of the overall system. By moving
as much of the the power electronic components out of the power plant itself the system
becomes easier to physically handle. A reduction in filter size makes installation and main-
tenance better, which can be achieved by using a 5-level inverter to control the PMSG.

5.1.1 Possible other solutions

Instead of using filters to protect the generator from overvoltages one can instead increase
the insulation of the generator so it can withstand higher voltages. When the generator
breaks down is dependent on how it is built and how it is insulated. If the filter for some
reason cannot be improved it is possible to increase the robustness of the generator. One
such way might be to change the way the winding of the generator are wound. If there are
two phases in one slot the insulation of those windings will have to withstand the full line
to line voltage. By having just one phase per slot that problem is reduced to only the phase
voltage. However, by accepting the high overvoltages the power production will most likely
be of bad quality.

Another solution to limit the over voltage is to put a line termination network at the gen-
erator. The solution presented in this project is a filter at the inverter side. If the situation
permits some components in the power plant a terminator filter at the generator side could
be implemented.

By reducing the switching frequency of the inverter the phenomenon with voltage interfer-
ence can be limited. If the voltage magnitude is the main concern it could prove a simple
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solution to reducing the overvoltage.

DC transmission always has, for a given voltage and a given cable, lower losses as compared
to an AC transmission [45]. DC transmission will be more effective compared to AC transmis-
sion with an increase in distance [4]. In the future, this and other types of offshore technology
can reduce the losses in the transmission by using DC-transmission. Therefore a study to see
the problematics of using DC transmission would be of great interest.

5.1.2 Practical use of the results

For the results of this report to be of any use while designing a similar system there are a few
aspects that should be taken into consideration. The parameters of the cable and generator
will most likely be something else that they are in this report. Therefore one needs to review
the filters and make sure that the models of the system still are good enough to be used. The
risetimes of the inverter have not been the same as commercial products have on the mar-
ket, they have been faster. By using an off the shelf IGBT the dV /d t would be lower and the
overvoltage would most likely not present itself to be as large as in this report. The voltage
for the 2-level case, Table 4.4 is above the ∆V = 20%, which is set as the acceptable voltage.
This could be due to the possibility that the risetime in this study have been above what is
commonly used in literature.

Since the voltage has been the only concern in this project the currents or the power have not
been taken into consideration. That means that the current rating has of the filters needs to
be considered.

5.2 Limits of results

One of the difficult parts of the simulations using the methods used in this project is to quan-
tify the reliability of the results. Since the results are obtained from software there will be
some differences between the simulated results and an experiment. The assumptions that
has been made in the project could affect the simulations to have higher overvoltages than
they actually have in a similar experiment.

With the design of the cable being dependent on a variety of different aspects the optimal
transmission cable have not been in reach of this project. If an optimal cable would have
been used the results may have differed a bit. The parameters that have been used were
found in tables of off the shelf cables.

By having separately shielded phases the mutual impedances are not taken into account.
This results in a limitation in the capacity for reducing the common mode voltage. Since
the commonly used method for reducing the common mode voltage is to use a mutual
impedance this method is not viable with the model used in this project.
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5.2.1 Simulation

The method that has been used in this project, simulating equivalent schematics of the sys-
tem in question, have its advantages and disadvantages. The model is simple and quite fast
to implement but when investigating high frequencies LTspice has its limitations. The sim-
ulation time for a circuit of the size needed when using π-sections to model is very large. A
simulation with fast risetimes on the PWM signal results in simulation times up to 10 hours
with simulation files of about 200GB . Because of this a study with this model of longer cables
will prove problematic.

The simulations have been performed as transient analysis simulations. This means that
every pulse of the PWM can be seen as one transient but is also the steady state of the system.
This is problematic when using LTspice but is the best option available.

5.2.2 Sensitivity of component parameters

The phenomenon with reflections and overvoltages are completely dependent on the sys-
tems parameter values. Reflections occurs when there is a miss match between the impedances
of the components in the system. When changing the values of the parameters of the com-
ponents in the PTO the overvoltages and reflection changes, this can be seen in a sensitivity
analysis. Depending on the design of the generator the values of the parameters can change
and therefore alter the results.

5.3 Environmental and ethical aspects

When looking at technology that is developed to reduce the carbon footprint of energy pro-
duction it is interesting to see the impact of parts of that process as well as the whole picture.

5.3.1 Environmental

The installation of sub sea equipment will have some environmental effect [7]. The installa-
tion itself will damage the sea floor and having the equipment there will also interfere with
the aquatic life. However, depending on the state of the sea bottom prior to the installation
of the foundation for the power plant it could be beneficial for the aquatic life in the vicin-
ity. The introduction of offshore equipment have been shown to act as artificial reefs that
helps the aquatic life. Having the kite move through the water could prove problematic to
some sea creatures, small fish might get caught in the turbine and larger marine mammals
and large fish could get hit by the moving kite. This too has not, from the testing, proven a
problem. No such occurrence has happened.

The use of material is important when choosing which which cable to use when transmitting
power. The cables have different impact on the environment depending on which materials
that are used. Cables with a long lifetime has less environmental impact since it does not
require maintenance or replacement as often.
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5.3.2 Ethical

In this work some negative aspects of the power production has been of focus. The mod-
els used in this project have been exaggerated to see how the problem might look like with
inverter technology, that is now in development, were to be used. By exaggerating some neg-
ative aspect it can be difficult to comprehend the actual situation as it is today. That is why
the assumptions are clearly explained.

Since the high frequency components are not usually included in data sheets from produc-
tion companies nor a high frequency model it is difficult to find a model that fairly can rep-
resent what is happening in this, and in similar systems. To get the model usable for other
system configurations the assumptions have been quite rough. Having the phases separately
shielded is uncommon and can make a similar case quite different if they are not. However,
this simplification have in this case been deemed necessary to keep the variables to a mini-
mum.
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This project has investigated the problematics of controlling a PMSG system with a PWM
inverter connected through long transmission cables. Given the system requirements and
depending on the parameters of the generating system there will be a significant difference
in the overvoltage that the system can experience. With a simulation and literature study
these parameters have been investigated.

The results show that with a 5-level converter with a longer risetime the overvoltage on the
generator terminal is greatly reduced compared to a 2-level converter with a faster risetime.
The model behaves as the theory describes and is therefore concluded to be sufficient for the
study, with its assumptions. In addition, by introducing filters to the system the overvoltage
on VLL is reduced to an acceptable voltage.

It was found that the inverter topology, switching method and switching time greatly affects
how the generator terminals react to the voltage pulses. By changing the inverter topology
and risetime, the overvoltage at the generator changes and different filters are needed. If the
aim is to reduce the size of the submerge part of the system, one can apply the changes to
the system that are proposed in this report. These changes are: use a multilevel converter;
match the impedance of the generator with the impedance of the cable by designing the
geometry; use a terminator at the generator terminal to reduce the reflection coefficient as
much as possible.

6.1 Future work

In the future, when this work is continued to be worked on the authors of this project suggest
that an even more accurate model should be developed by measuring on a generator that is,
if not the one, a similar one to the one to be used in the complete system. By measuring
with an RLC meter and finding the parameter values and how they vary with frequency and
perhaps heat and current the model would be greatly improved. That way the results would
be easier to quantify and that would lead to a stronger conclusion.

Another thing that should be done in the future is to verify the results and compare to a real
case. In this project there was no opportunity to confirm the studies performed. This project
should be completed with data from a case with real components and a functioning system.

During the effective on-time of the tidal power plant the possible power output is not always
at rated power. With the difference in tidal current the output will change. For future work
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this aspect should preferably be investigated. For the times when the tidal current flow is not
high enough to give the power plant the resource to produce rated power there are fluctua-
tions in the power produced as well. This scenario could possibly produce disturbances in
the voltage and power that could produce difficulties in the rest of the power take off system.
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